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Abstract 
ABSTRACT 
The installation of the combined energy generation system at West Beacon Farm, 
Loughorough, Leicestershire commenced in 1988, since when it has steadily grown in 
both generating capacity and operating complexity. It now consists of three electrical 
generating sources: two 25kW fixed speed horizontal axis wind turbines, a 6kWp 
photovoltaic array consisting of both monocrystalline and polycrystalline cells and a 
15kW combined heat and power unit which also provides 38kW of thermal energy. 
Electricity is stored in a 184kWh lead acid battery, and also imported and exported from 
the grid. Previous research on the system was limited, due to lack of detailed system 
information and time. Therefore the aim of this research project has been to develop a 
more detailed and accurate computer model of the system that enables the present 
operating strategy to be evaluated, together with the effects on the system of changing 
this strategy. The outcome will be to optirnize the generating cost and to provide a model 
with the flexibility to investigate the conditions in other hybrid systems. 
After an introduction to the research project and a review of the present state of research 
into hybrid systems, the thesis presents a comprehensive description of the system 
components and the operating strategy. This is followed by details of the system 
performance and an economic analysis of the renewable energy generating cost. 
Modelling of the system has mainly been performed by modifYing of the Simulation and 
Optimization Model for Renewable Energy Systems developed at Utrecht University, 
and the modelling techniques used and the subsequent results obtained are shown. The 
final part of the thesis discusses whether or not the initial research objectives were 
achieved and presents the conclusions that can be reached. Recommendations for further 
research work to improve detailed understanding of the system are discussed. 
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Chapter One 
CHAPTER ONE 
INTRODUCTION 
1.1 RENEWABLE ENERGY IN THE UK 
Renewable energy was the prime source of mechanical energy in the UK before the 
industrial revolution, with about eighteen thousand traditional windmills operating in the 
18th century [NATTA 841993]. As a consequence of the industrial revolution, and the 
creation of a largely fossil fuel generated electricity supply network, renewable energy 
moved into the background of energy production. However the subsequent development 
of hydroelectric schemes and the upsurge in recent environmental concerns, have 
together caused a resurgence of interest in renewable energy, which now provides about 
20% of the world's electricity demand and about 2% (6 TWh per year) ofthe UK's 1992 
electrical energy supply [Review August 1994]. 
Within the UK, the Electricity Act 1989 imposed a requirement on the Regional 
Electricity Companies (REC's) to contract for a specified amount of generating capacity 
from non-fossil sources (i.e. nuclear and renewables), and the obligation that arose from 
this was called the Non-Fossil Fuel Obligation (NFFO). With the present cost of 
generation from both nuclear and renewables being higher than that from fossil-fuelled 
generation, the additional cost to the REC's in purchasing from a nuclear and/or 
renewable source is recovered bya levy placed on electricity sales to consumers. This 
levy has been between 10 - 11% of the electricity costs and has raised about £1.3bn 
annually. Of this only £30 - 50 million per annum has been available for renewables, 
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with the remainder having been used to support nuclear power [Reason 1991]. Due to the 
considerable size of the nuclear industry, it was recognised that the small (but rapidly 
expanding) renewable energy industry could lack investment under the terms of the 
initial NFFO. To alleviate this and to further encourage generation by renewable sources, 
a smaller and separate Obligation exclusive to renewables was announced in July 1989. 
This required the REC's to contract for a minimum of 1500MW Declared Net Capacity 
(ONC) in tranches of equivalent capacity up to the year 2000. The term DNC recognises 
that some forms of renewable energy are intermittent, and it is therefore introduced to 
make a distinction between the installed capacity and the mean capacity that can be 
delivered in a year from a renewable energy source, as shown in Table 1.1 [Department 
of Trade and Industry 1993]. 
Table 1.1: Declared Net Capacity of Renewable Energy Sources 
Generating Source Wind Solar Tidal Other Water Power 
DNC 43% 17% 33% 100% 
By September 1994 renewable energy projects with a total capacity of 320MW were 
contracted for under the first two NFFO Orders, as shown in Figure 1.1 [Department of 
Trade and Industry 1993]. The combined energy generation system (CEGS), on which 
this research project is based, includes two wind turbines that were successfully 
submitted for the second renewables Obligation announced in February 1991. The 
contract start date was 1 January 1992, with the energy bid price set at 12p1kWh, and it 
is due to expire on 31 December 1998, when the present proposal is that the energy bid 
price will fall to the pool price and therefore be in competition with all other generating 
sources. Bids for the third tranche of the NFFO and the new parallel Scottish Renewable 
Order (SRO) amount to 703 MW, though the Department of Trade and Industry (DTI) 
have indicated that a maximum of only 300-400 MW may actually be installed. With two 
more NFFO tranches expected, the 1500 MW DNC target for the year 2000 is well 
within reach, as shown by Figure 1.2 [NATTA 93 1995]. 
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In a report to the Department of Trade and Industry in November 1992, the Renewable 
Advisory Group (REAG), a group of 12 members including independent industrialists, 
scientists and economists set up to spearhead the Government's review of renewable 
energy, made the following comment: "Increasing use of renewable energy sources will 
help to reduce environmental damage from acid rain, and to meet targets for limiting 
emissions of carbon dioxide and other "greenhouse gases", to which the Government is 
committed. They will also increase the regional and national diversity, and overall 
security, of energy supplies. Their adoption should be an important component of the 
national strategy for sustainable development." [Renewable Energy Advisory Group 
1992]. The report also proposed that by 2025, renewable energy could possibly 
contribute about 20% of the 1991 UK electricity supply demand of about 60TWhlyear. 
This expansion is foreseen, due to a combination of anticipated technological 
developments (leading to reduced generating costs) and increased environmental 
pressures on the energy industries. 
1.2 RESEARCH AIMS 
There are many places in the world where the cost of providing a connection to the 
electrical distribution grid is prohibitive (e.g. remote communities, isolated farms etc.). 
When this is the case, electrical energy has traditionally been supplied by a diesel 
generator which, though relatively cheap and reliable, has high generating costs due to 
the high costs of both the diesel fuel and its delivery to remote locations. 
The integration of wind and/or photovoltaic (PV) energy systems with a diesel generator 
has, in recent years, helped to reduce both the diesel load and the fuel and maintenance 
costs. Such systems are now reasonably common as standalone or autonomous energy 
. generating plant and are termed. hybrid systems as they combine more than one 
generating source, with a typical system being shown in Figure 1.3. 
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Figure 1.3: Typical Hybrid System Configuration 
Another fOlm of hybrid system occurs where the renewable energy source is grid-
connected. An example is where a load is supplied by a PV array, with any surplus 
energy exported to the grid. This type of system is most practical in buildings occupied 
during daylight hours, so that the energy production coincides with the load demand (e.g. 
offices, schools etc.). In this way the grid operates as a form of energy storage, with 
energy bought back at periods oflow solar energy production (e.g. overcast sky, night-
time). 
Because of their differing system configurations, autonomous and grid-connected hybrid 
systems are generally mutually exclusive. To combine both configurations into a single 
system complicates the operating strategy, duplicates the energy storage provided by 
both the battery bank and the grid, and increases the initial capital cost, running cost and 
generating cost of the system. In 1988 a hybrid system of this type (which forms the basis 
of this research project) was installed on a farm located close to Loughborough 
University of Technology (LUT). Since then it has steadily grown in generating capacity 
and operating complexity. Access to the system for academic research was made 
available in 1991 with initial undergraduate projects concentrating on an analysis of the 
5 
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operating conditions. 
The main aim of the present research was to develop this initial analysis further and to 
consider how the system should operate to minimise the overal1 generating costs. It was 
envisaged that this would best be achieved by developing a detailed computer model for 
this particular hybrid system. This model would also be able to simulate and analyse 
different hybrid configurations, so as to enable a comparative analysis to be made of the 
characteristics of the various systems and control options. 
The research commenced with a detailed survey of the system, components and operating 
strategy. This established that some ofthe existing system metering was inaccurate and 
very limited in providing a detailed understanding of the energy distribution. In addition, 
the daily readings of some system parameters recorded from when the system was 
installed, gave some indication of the energy distribution, but were limited in their 
contribution towards a complete system analysis. It was soon recognised that to 
understand the energy distribution more effectively and to provide validation data for the 
computer model that was to be developed, more detailed and accurate metering was 
required that would record the system parameters at a predetermined time step (e.g. 10 
minutes or 1 hour). From this part of the research it was established that the model should 
be able to provide (at least) the fol1owing system analysis: 
1 Comparison of operating characteristics of the existing system, autonomous 
system, grid-connected system 
2 Proportion of the annual load contributed by wind turbines, photovoltaic array, 
CHP and grid 
3 Cost of supply by wind turbines, photovoltaic array, CHP and grid 
4 Operational cost of wind turbine, photovoltaic array, CHP and grid 
5 Assessment of system losses 
6 CHP fuel consumption analysis 
7 CHP start/stop regime 
8 Economic assessment of system 
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The second stage of the project was the procurement, installation and commissioning of 
the data monitoring system. Ongoing at this time was the development of the computer 
model. Initial modelling concentrated on the solar irradiance incident upon the PV array 
and at this stage a move towards using and developing an existing hybrid modelling 
software package was recommended. 
The third stage of the project was the realisation from the research and the analysis of the 
output of the data monitoring system, that the voltage control strategy adopted was 
causing frequent intermittent running of the CHP and a high frequency of the battery 
charge I discharge cycle. This led to the decision to change the operating strategy of the 
system from voltage control to state of charge (SOC) control, which would allow greater 
use of the energy stored in the battery and reduce the frequent cycling of the CHP. 
The final stage was to validate the computer model output using the data output from the 
newly configured and upgraded system. Work on transferring to the SOC control strategy 
is at the time of writing incomplete, but the results from the validated model provide a 
prediction ofthe expected energy distribution and system performance. 
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CHAPTER TWO 
LITERA TURE REVIEW 
2.1 HYBRID SYSTEMS 
The most common hybrid system consists of a wind turbine and a diesel generator 
(generally termed a wind-diesel system), and Lundsager [Lundsager et al 1984] states the 
purpose of a wind-diesel system as: "To extend a diesel generator set with a wind turbine 
generator, probably together with storage and other energy converters, in such a way that 
the additional costs will be paid by the savings in (fuel) costs while maintaining an 
acceptable power quality and power supply". 
McGowan [McGowan et al 1988], Lipman [Lipman 1989] and Infield [Infield et al 
1990], all define a wind-diesel system as one where a high penetration of wind energy, 
into a small diesel network, results in large diesel fuel savings. 
A more detailed description is given by Cramer [Cramer et aI1993], whose definition is 
of an autonomous power supply system not connected to an interconnected grid, where 
the available wind energy should be used as far as possible, with the consumer seeing a 
stable grid with as high a reliability as possible, which is to be achieved by minimization 
of the fuel consumption of the diesel engine. Three criteria are defined that must be 
fulfilled for the successful operation of a wind-diesel scheme: i) the diesel generator can 
be temporarily switched off, ii) this switching is to be kept to a minimum to avoid 
mechanical wear, iii) the wind turbines supply all of their energy to the load. 
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For wind turbines within an autonomous system, the system frequency and voltage 
depend on the amount of wind power penetration and hence on the variability of the 
wind, whilst for wind turbines connected to the grid (which has infinite capacity 
compared to the wind turbines), the frequency and voltage are independent of the wind 
power fluctuations and are therefore considered to be constant [Tsitsovits et al 1983]. 
Consequently the inclusion of a renewable energy generating source into an autonomous 
power supply network, not only provides a diversification of supply, which will reduce 
the demand from the fossil-fuel generating source (typically a diesel generator), but will 
also require some means of controlling the power quality. On the other hand, the 
inclusion of a fossil-fuel generating source into an entirely renewable energy generating 
scheme (e.g. PV-battery), can improve the supply reliability by reducing the times of 
energy shortage due to the variability of the weather conditions (i.e. solar irradiance, 
wind speed) [van Dijk et al 1990]. 
The characteristics of wind-diesel operation have been discussed by Chertok [Chertok 
et al 1989], who describe the problem associated with the diesel control strategy. If the 
diesel runs continuously in a standby condition (i.e. off-load) to cover any short-term 
deficit in the wind turbine output, it has a low operating efficiency, a shortened useful 
life and increased maintenance costs. A recommendation was therefore made that the 
diesel operation should not fall below 40% of rated power. This low-level cut-out is not 
absolute, as illustrated by the wind-diesel system on Anholt, where the diesel is set to not 
operate at below 50% of rated power [Kristiansen 1992], whilst for the wind-diesel 
system at Chalmers University the low-level cut-out is set at 25% [Linders et al 1986]. 
This type of control was used in one of the earliest wind-diesel systems on Block Island, 
New York where a 150kW wind turbine was integrated into an existing diesel network 
consisting of three diesel generator sets (225kW, 400kW and 500kW) [StiIIer et al 1983]. 
Two diesels ran in parallel with the. wind turbine, one providing the base load whilst the 
other maintained system frequency through governor control and voltage by an automatic 
voltage regulator. The fuel savings from this system were low, considering the size ofthe 
installed wind power, due in part to the need to continuously run one of the diesels. It has 
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been recognised that the inclusion of a dump load into a wind-diesel system, with a 
continuously running diesel generator, enables the generator to operate at a minimum 
load in order to avoid the maintenance problems associated with low-load running 
[Garside 1982], [Volling 1983]. The dump load is also used to absorb any wind energy 
in excess of that required by the load [Kinsella 1982]. 
A novel approach to the problem associated with excess wind power is in use on Fair 
Isle, where control of the wind-diesel system is dependant on the system frequency 
[Stevenson et al1983] as shown in Figure 2.1, where the 20kW diesel is used during the 
summer and the 50 kW diesel during the winter. Three priorities of load are defined, with 
the highest of these (lighting, television, radio) guaranteed to be met during certain times 
of the day. If the wind turbine can meet this load it does, if not the diesel will run and 
supply both these loads and the lower priority loads (water and space heating), so as to 
provide a sensible loading. If the wind turbine output exceeds the load demand the diesel 
does not run, and the lower priority loads are switched in and out dependent on the 
system frequency. As the wind turbine output decreases the system frequency also 
decreases and the lower priority loads are switched out. Only when they have all been 
switched out and the wind turbine is unable to supply all of the priority load is the diesel 
switched on. 
An alternative strategy to reduce the diesel fuel consumption is to shut down the diesel 
during periods when the wind turbine output is able to supply the load, and to start it 
when the turbine output has fallen below a minimum threshold. This strategy however 
causes frequent start-stop cycling of the diesel. Consequently, the variability of the 
renewable energy sources generally used in hybrid systems (wind, solar), has been the 
catalyst for much research in the area of energy storage, as it is recognised that the 
inclusion of energy storage into a hybrid scheme will reduce the cycling of the diesel 
generator and its running under low-load conditions [Infield 1983]. This feature is of 
some importance, as frequent cycling of the diesel generator causes increased engine and 
starter wear, whilst running at low loads increases the specific fuel consumption of the 
engine [Infield et al 1983]. 
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In other words, with the diesel and wind turbine parallel-connected the diesel will be 
stopped during periods of high wind power, and some form of energy storage will 
provide a buffer against sudden falls in wind power. 
As the energy storage is typically provided by a lead-acid battery (and which is used in 
the system that is the subject of this research project), it is the only storage medium that 
will be considered in detail. It is known however that other energy storage schemes have 
been investigated for use in wind-diesel systems, and that these include compressed air 
storage [Cavallo et alI994], flywheel storage [Bleijs et aI1992], hydraulic storage [Slack 
et al 1986], hydrogen storage [Dienhart et al 1993] and pumped storage [Somervi11e 
1989]. 
Figure 2.2 shows an example of a wind-diesel-battery system, developed at Chalmers 
University of Technology Gothenburg, Sweden [Linders et al 1986]. When the diesel is 
running all the wind power is used to charge the battery. Ifthere is an excess of wind 
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energy the inverter is switched on, and the diesel and wind turbine operate in parallel. 
The diesel engine is stopped if: i) the battery charging current is too high, ii) the battery 
gassing voltage is reached, iii) the wind energy exceeds the load demand. Conversely, 
the inverter is switched off if the lowest allowable battery voltage is reached. The diesel 
minimum load is set at 25% of rated load, and if the load is below this level the inverter 
reverts to a rectifier mode and the diesel is used to charge the battery. In this way a 
reasonable load is maintained on the diesel. Charge control of the battery is maintained 
by use of a dump load to limit the charge current between the minimum and maximum 
voltage levels. The inclusion of a DC link between the wind turbine and the DC busbar 
. allows a variable speed wind turbine to be used, which has a greater energy capture at 
lower wind speeds than a fixed speed turbine. This is of importance for smaller wind-
diesel systems, which are located where the energy is required, unlike wind farms which, 
to maximise energy output (and revenue earned), are sited in areas of high wind speeds. 
22kW JOkVA SELF-COMMUTATED BONUSSS/I! RECTIFIER ,WM r---WIND TURBINE INVERTER 
96Ah(CS) 
LEAD.ACID BATIERY 
25kW 156 SERlESoCONNECTED CELLS LOAD DUMP LOAD -
2o"W 
DIESEL ENGINE 
3'~VA l80V 3·PHASE 
SYNCHRONOUS 
DIESEL GENERATOR 
Figure 2.2: Chalmers University Wind-Diesel-Battery Schematic Layout 
The advantage of including a battery in a hybrid system is clear from Figure 2.3, which 
compares the power distribution ·of a wind-diesel system with that of a continuous 
running diesel, and that of a wind-diesel-battery system with controlled running of the 
diesel, for the hybrid system located on Cape Clear, Ireland [Cramer et a11993]. The 
inclusion of the battery allows the run time of the diesel to be reduced by about 30%. 
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An adaptation to the wind-diesel-battery system is the use of mUltiple diesel generators, 
as developed jointly by the Australian company Powercorp and the German company 
SMA [powercorp 1993]. They recommend that in this configuration the peak load should 
be met by two diesels sized in the ratio of 2: 1. This ratio is important as it ensures that 
the diesels will both run at near their maximum power and thus maximum efficiency. 
This allows the battery size to be reduced, as it now has only to supply the load between 
the starting intervals of the two diesels. A further adaptation is a wind-diesel-battery 
system which has multiple wind turbines and diesel generators, as installed on Rathlin 
Island, Northern Ireland [Holland et a11993]. 
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Figure 2.3: Comparison of Power Distribution in Wind-Diesel Systems 
Another hybrid system that has been developed is the PV -diesel-battery system [van Dijk 
et al 1991]. These tend to use array tilt angles that optimize annual array irradiance, 
because the diesel can make up for any irradiance shortfall [Daniels et al 1991], whilst 
standalone photovoltaic systems (pV-battery) with solar energy as their only energy 
source, are sized to supply the load during the month of least solar irradiance. 
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Consequently for a standalone system during the months of high solar irradiance, any 
excess solar energy is regulated or wasted and this over-design oflarge standalone PV 
systems contributes to their high capital costs [McCloskey et al 1991 l 
Figure 2.4 shows a typical example of a PV -diesel-battery system installed by Integrated 
Power Corporation as a Remote Area Power Supply for Etisalat, the national 
telecommunications company of the United Arab Emirates [McCloskey et al1991l The 
PV array is sized to supply half the load demand on an annual basis (e.g. if the annual 
load is 17MWh, then the array is sized to supply 8.5MWh). As with the wind-diesel 
system at Chalmers University of Technology, the diesel here is started when the PV 
array output is insufficient to maintain the battery above an acceptable state of charge 
(SOC), which in this instance is set at 50%. As the diesel is only called to run at this 
point it will always be subject to a specific loading which, as mentioned previously, 
reduces operating and maintenance costs and enhances engine life. An interesting 
operating problem of this installation is the excessive daytime air temperature. For 
reliability an air cooled engine was chosen in preference to a water cooled one, but with 
the daytime air temperature reaching 54°C, over-heating of the diesel is a significant 
problem. The diesel is therefore only able to run during the night, when the air 
temperature is considerably cooler. 
The combination of both wind turbines and PV s into a hybrid system is an attractive 
proposition, as the energy output from the wind turbine and PV array generally 
complement each other. For instance, in England the wind turbine output is a maximum 
in the winter whilst the PV array output is a minimum, with the converse being true 
during the summer. Therefore the development ofwind-PV-diesel-battery systems has· 
also been progressing [Adelman et al 1991 l At Santa Maria Magdalena, Mexico, the 
entire village load is supplied from a 132kWh battery bank, with a 4.32kW PV array and 
a 5kW wind turbine recharging the battery when the appropriate resource is available. 
The renewable resources are sized to provide about 45% of the designed load (45kWh 
per day) with the remainder supplied from the 15.7kW diesel generator. SOC control is 
used to start the diesel when the battery SOC falls to about 40%-50%. 
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Figure 2.4: Etisalat PV-Diesel-Battery Schematic Layout 
Research into hybrid systems has increased during the last fifteen years, as their role in 
autonomous power supply systems has been recognised. To further this development 
hybrid test sites have been developed, primarily at academic institutions and research 
organisations. Those not already mentioned include the Netherlands Energy Research 
Foundation (ECN), Netherlands [de Bonte 1984a]; the Risa National Laboratory, 
Denmark [Lundsager et aI1984]; the Deutches Windenergie-Institut (DEWI), Germany 
[Beyer 1993]; the Institut de Recherche d'Hydro-Quebec (IREQ), the Atlantic Wind Test 
Site (AWTS), Canada, the National Renewable Energy Laboratory (NREL) and the 
United States Department of Agriculture (USDA), USA [Green et al1994]. 
2.2 HYBRID SIMULATORS 
The ability to simulate the operating conditions of a wind-diesel system is of 
considerable interest, as it allows controlled research and experimentation to be carried' 
out. The advantage of using a simulator is that because the wind speed and load are in . 
the form of data files, experiments can be repeated as many times as needed. A wind 
turbine simulator consists typically of a DC motor driving the same type of generator that 
15 
Chapter Two 
an installed wind turbine would have (i.e. induction or synchronous). A computer 
controlled power supply uses a wind speed data file to set the torque and rotational speed 
of the DC motor at each time step. One of the first simulators developed was at Reading 
University, where a computer not only controls the wind turbine simulator but also a 
controlled load, which is used to replicate a varying consumer load [Sexon et al 1982]. 
A similar type of simulator is located at ECN as shown in Figure 2.5 [Lipman et al 1986] 
DIESEL 
ENGINE 
SYNCHRONOUS '------.-,--,-,,....-/-,1 INDUCTION 
GENERATOR r GENERATOR 
= 
CONSUMER DUMP 
WAD WAD 
Figure 2.5: ECN Wind-Diesel Simulator 
D.C. 
MOTOR INVERTER 
The computer controlled DC motor of Figure 2.5 drives an induction generator. The 
motor has the torque-speed characteristic of the wind turbine introduced by a computer 
controller, which controls the inverter that drives the DC motor. A dump load controls 
system frequency which is maintained between 48Hz and 60Hz, whilst a resistor bank 
simulates the consumer load. A flywheel was added to the system in 1986, making it 
similar to the hybrid system at Rutherford Appleton Laboratory, Harwell [Bleijs et al 
1992]. 
Another wind-diesel simulator is at the University of Massachusetts [Manwell et a11989] 
which, though similar in operation to the simulator at ECN, also includes a battery bank 
for energy storage and a rotary converter for battery charging. A simulator recently 
developed is the Combined Multiple Renewable Energy Sources System Simulator 
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Facility (CMRES) at Conphoebus, Sicily [Astinov et al 1994], where the aim is to 
improve the use of hybrid systems by simulating a small isolated community (70kV A 
rated power). The CMRES consists of a hardware simulator (two diesel generator sets, 
wind turbine simulator, PV simulator, inverter, battery and load), a software simulator 
(logistical computer model simulating the behaviour of a hybrid system) and a statistical 
simulator. 
The PV simulator uses a datafile consisting of solar irradiance and temperature data to 
determine the PV array output current, which along with the voltage is fed to a 
programmable DC power supply. The software simulator is similar to the computer 
model used in this research project, in that it is dependant on the load demand and the 
available renewable energy, with the battery and diesel generator being controlled with 
respect to a user-defined control strategy. The statistical simulator generates a statistical 
description of the meteorological data for a particular hybrid site and calculates the 
hybrid system behaviour to a defined degree of confidence. 
2.3 HYBRID MODELLING 
The types of model developed for hybrid systems can be described by four classes of 
steady state and dynamical models. These range from a quasi-steady state model used for 
the long term performance modelling of hybrid systems (where the time step is in the 
region of ten minutes to one hour), to a dynamic mechanical and electrical model that 
uses the dynamic equations of the mechanical and electrical components of the system, 
in order to model the mechanical vibrations and electrical stability [McGowan et al 
1988]. 
These model definitions are developed by Infield [Hunter et al 1993], who states that the 
modelling of hybrid systems uses either time series or statistical modelling techniques. 
Three types of time series model are defined, which are dependant on the time step used 
and the detail required from the model: 
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i) Dynamic model 
Used to simulate the electrical and mechanical transients of a hybrid system by 
having a time step in the order of microseconds, thus allowing analysis of the 
power quality. 
ii) Short Term Performance Model 
Used in the modelling of the system response over periods of up to a few 
minutes. The typical time step for this model is up to one second. 
iii) Long Term Performance Model 
For determining the optimal short term scheduling of the generating sources to 
minimize the diesel generator fuel consumption, analysing the system long term 
performance (e.g. number of diesel start/stops), and provide an input into the 
economic assessment of the system. 
Statistical modelling is useful in the design of a hybrid system, where renewable energy 
resource and load data files do not exist for a particular site. Work in the validation of 
this modelling technique has concentrated on simple wind-diesel systems where the 
diesel is continuously running. 
A recent development in wind-diesel modelling is a design tool software package 
(developed With support from the CEC JOULE programme), that combines six European 
hybrid models as shown in Table 2.1. The main aim of the software package is to assist 
in the design and assessment of wind-diesel systems and it consists of two different 
modelling packages. The logistic modelling package is designed for the long term 
performance modelling of hybrid systems [Infield et al 1994], whilst the modular 
dynamic model is designed for stability analysis and controller design [Uhlen et al 1993]. 
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Table 2.1: Hybrid Models 
ORGANISATION COUNTRY HYBRID MODEL 
Rutherford Appleton Laboratory (RAL) England RALMOD 
Netherlands Energy Research Foundation (ECN) Netherlands SOMES 
& Utrecht University 
RiS0 National Laboratory (RIS0) Denmark WDILOG 
Norwegian Electric Power Research Institute (EFl) Norway VINDEC 
ENEA • C.R.E Casaccia (ENEA) Italy E WISDA 
Helsinki University ofTechnology (TKK) Finland TKKMOD 
A hybrid model combining both time-series and statistical techniques has been developed 
at the University of Massachusetts [Manwell et al 1994]. This is a quasi-steady state 
model similar to SOMES (used in this research), in that an energy balance approach is 
used at each time step (Le. energy input = energy output + losses). To model the effect 
of fluctuations of the wind speed and load within each time step a probabilistic approach 
is used. 
With the understanding of what difference the inclusion of a battery to a hybrid system 
can make, there is much ongoing research attempting to model accurately the 
performance of batteries in such systems, and the models used can generally be classified 
into either: i) energy transfer or ii) simulation model [Hill et al 1992]. The energy 
transfer model is concerned with the summation of the energy transfers to and from the 
battery, and assumes default values for the charging and discharging efficiencies in order 
to calculate the battery capacity. The simulation model is based on the physical processes 
occurring in the battery and requires testing of the battery, which is both expensive and 
time-consuming. Recent simulation models that require minimal, if any, testing include 
a graphical determination of the battery capacity in a PV -battery system [Hamdy 1993] 
and a battery model developed spepifically for use in quasi-steady time series modelling 
of hybrid systems, that is based on the chemical kinetics of the battery [Manwell et al 
1993]. Battery monitoring is also an area of interest, not only to collect system data (e.g. 
cell voltage, charge and discharge current) to assess the battery operation, but also to 
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validate the battery model [Wade et al 1991]. Though the battery is the most common 
energy storage device used in hybrid systems, the cyclical nature of its operation is an 
area of concern and research in this area is developing [HoUenkamp et a11990j. 
Examples of some typical hybrid systems are shown in Table 2.2, whilst a 
comprehensive listing of wind-diesel systems, both research and commercial, is detailed 
by Hunter [Hunter et al 1993]. 
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Table 2.2: Hybrid Systems 
Locatloll Inrtallatton Wind Turbine 
Chalmer!l University Autonomous BonusjYl1 
Gothcnburg, 221::W 220V J.Phuc 
Sw_ Induction Generator 
Cape Verdt Autonomous Lagerwey 30kW 
Synchronous Generator 
oc.""" 
Southern Italy Autonomous AfI'·0320kVA 
Synchronous Genemtor 
Santa Mana Autonomous Colibri SkW 
MagdalenB 
Mexico 
Xcalak, Mexico Autonomous Six 10kW Bergey 
BWCEXCEL-R 
Fucrteventura, Spain Autonomous VEST AS V27225kW 
Induction Generator 
Dle.et-Generator 
20 kW Die5el Engine 
35kVA 380Y 3·Phase 
Synchronous Generator 
90kVA Synchronous 
Generator 
Continuous Operation 
System voltage control 
Two 20kVA Synchronous 
Generators 
Lister-PetterTR3 Diesel 
Newage 3-Phase 16.7kW 
Permanent Magnet 
Alternator 
125kW SELMEC Diesel 
Generator 
Two 120kW Diesel 
Engines 
Two 75kVA Synchronous 
Generators 
Energy Storage Solar Ibvtrfer. Dump Load Operation 
l!i6series-conneclcd Nil Sclf-Commutaled 2SkW Resistor Bank Wmdonly 
Lead-Acid Batteries PWM Dicsclonly 
96AJi(CS) Power 'l'raruistors Wind-Diesel parallel 
28SY·367V 
Nil Nil Nil Resistor Bank WUld-Diesel parallel 
SyJtem power 
balance/frequency 
=""1 
Lead-Acid BatteJy Nil Force-commutated :ZOkW Resistor Bank Wmdonly 
IOOAh flOY tOkVA Frequency Control DieselonJy 
Wind-Diesel parallel 
Lead-Acid Battery 72 Solamc: MSX-60 IPC7.SkVA Nil Battery only 
IIOOAh l'lOY modules (4.32kW). PY.W"md-Battery panDel 
Nine modules in PV.Wmd.Battery.Diescl 
mies to give 120V. ,.,.n" 
GNB6·7C23 234 Siemens M7S AES40kW Na Battel)' only 
Lead·Acid Battery modules (I1.2kW) Diesel only 
1738Ah 
F1ywhul Nil NO IOOkW Resistor Bank Wmdonly 
1200 kg mJ Frequency Control Dicselonly 
Wind-Diesel parallel 
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COMBINED ENERGY GENERATION SYSTEM 
3.1 SYSTEM DESCRIPTION 
The development of the combined energy generation system (CEGS) at WBF began in 
1988, when it consisted of a 2.86kWp Arco LIlPV PV array (fifty-four 53Wp 
mono crystalline modules) and a 4kW Whirlwind W4BH120 wind turbine. The output 
voltage range from 96V to 132V of both the PV array and the wind turbine permitted 
parallel connection to the 1260Ah Anker lead-acid battery and the farm load, with the 
battery on a continuous floating charge. This enabled the battery to accept charge either 
when the generated power was too high or the load demand was too small. Conversely, 
the battery would discharge either when the generated power was too low or the load 
demand was too high. As the combined energy output of the PV array and the wind 
turbine was insufficient to meet all the load demand, the battery was further charged at 
night by cheap off-peak electricity from the grid. Two Power Systems International 
pulse-width-modulated inverters (12kVA I-phase and 12kVA 3-phase) converted the PV 
array and wind turbine output to the supply used at the farm. The system was expanded 
in 1989 by the addition of a 10kW Whirlwind wind turbine, a 3kW Solarex SXll 0 PV 
array (eighty-one 37Wp polycrystalline modules) and a Biklim CHP unit, (nominal 
15kW electrical power and 38kW thermal power). The generating capacity of the system 
was brought to its present level in 1990, with the replacement of the 4kW and 10kW 
wind turbines by two 25kW Carter Wind Systems Model 25 (CWS25) wind turbines. 
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The progressive increase in the annual CEGS energy production since it was first 
established is clear from Figure 3.1. 
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Figure 3.1: Annual CEGS Energy Production 
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About 80% of the wind energy now generated is sold to the grid and, if required, energy 
is bought back during the cheaper off-peak tariffperiod (00:30-07:30). The grid therefore 
acts as a form of energy storage, with further storage being provided by the nominal 
1 260Ah Tudor-Sonnak lead acid battery bank. 
An evacuated tube solar thermal collector supplements the domestic hot water circuit that 
is supplied from the heat pump, whilst heat recovered from the CHP supplements the 
central heating circuit that is also supplied from the heat pump. A fresh water lake within 
the grounds ofWBF is used as the·low-grade heat source for the heat pump. 
An unusual characteristic of the CEGS is that in a 24 hour period it operates for part of 
the time grid-connected and for the remaining time autonomously. This is uncommon in 
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hybrid systems, which usually operate either grid-connected or autonomously, and was 
established in order to benefit from using cheap rate off-peak electricity for battery 
charging. A schematic layout of the CEGS prior to the system modifications (as detailed 
in section 3.4) is shown in Figure 3.2, with the solar thermal collector omitted for clarity. 
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Figure 3.2: CEGS Schematic Layout 
3.1.1 Wind Turbines 
The CWS25 has a fixed speed, stall-regulated rotor with a radius of 5m at a tower height 
of 18m, as shown in Figure 3.3. The turbines are of a free yaw design and the blades 
rotate about a horizontal axis at a fixed speed of 120rev/min, directly driving induction 
generators sited in the nacelle at the top of each tower. The 3-phase 415V output from 
the generators is fed via slip rings to the controller and switchgear located at the base of 
each tower. A 415V/llkV transformer connects the generators to the grid. The wind 
turbines are fully automatic in their operation, but are fully monitored and can be 
manually controlled from either the system controller located at the base of the tower or 
one of two personal computers located in the farm house. 
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Figure 3.3: CWS25 Wind Turbines 
The CEGS is configured so that all the CWS25 output is exported to the grid during the 
peak tariff period (07:30-00:30), when the load demand is met by the combined output 
of the battery and the PV array, with the CHP providing back-up energy if required. 
During the off-peak tariff period the CWS25 and grid are parallel-connected, and any 
wind energy generated is used to supplement the system demand of supplying the load 
and battery charging, any surplus wind energy is exported to the grid. A more detailed 
diagram of the connections between the wind turbines, grid and load is shown in Figure 
3.4. 
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Figure 3.4: Wind Turbine and Grid Schematic Diagram 
Each wind turbine has a rated output of 25kW at a wind speed of 12m!s and a peak 
output of 30kW at a wind speed of 13 - 18m1s, and the manufacturers power curve is 
shown in Figure 3.5. 
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Figure 3.5: CWS25 Manufacturers Power Curve 
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As the wind speed increases, the turbine blades progressively stall from the root to the 
tip and capture a decreasing proportion of the available wind energy. This enables the 
turbine to stall naturally when the wind speed exceeds the maximum design speed, and 
therefore provides an inherently stable and passive system of control. To limit overspeed 
and to provide braking, the blades are pitched up into a deep stall by centrifugal force . 
If the overspeed is due to a break in the grid connection, the generator will be 
automatically reset and will begin providing power again when the connection to the grid 
is restored. 
3.1.2 Photovoltaic Array 
The PV array consists of ARCO and Solarex parallel-connected sub arrays set at an 
azimuth angle of 160 south-east and a tilt angle of30° to the horizontal, as shown in 
Figure 3.6. 
Figure 3.6: Photovoltaic Array 
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Each ARCO panel consists of nine monocrystalline modules with each module having 
a nominal peak power output of 53Wp, while each Solarex panel consists of nine 
polycrystalline modules with each module having a nominal peak power output of37Wp, 
as shown in Figure 3.7. The modules of each panel are series-connected to provide a 
voltage of 108V, with each module having a bypass diode for protection against shading 
and cell failure . The array is split into four sub-arrays, with the two ARCO sub-arrays 
each having three panels and the two Solarex sub-arrays having four and five panels 
respectively. The panels comprising each sub-array are parallel-connected at a junction 
box and all four sub-arrays are parallel-connected at the DC busbar, with an isolating 
switch, voltage regulator and blocking diode (to prevent reverse current flow from the 
battery), provided for each sub-array. 
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Figure 3.7: PV Array Terminal Wiring Diagram 
3.1.3 Combined Heat and Power Unit 
The CHP at WBF is termed a micro-CHP unit, since it produces an electrical output of 
less than 150kW. In larger units the prime mover might be a steam or gas turbine or a 
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large diesel engine, whilst the prime mover in a micro-CHP unit is generally a suitably 
adapted automotive engine fuelled by natural gas, LPG or biogas, coupled to a generator 
to produce electricity, whilst heat is recovered from the exhaust gas, cooling water, 
lubricating oil and sometimes the generator itself Micro-CHP units generally work in 
one of three modes: (i) in parallel with the mains supply so that any excess load demand 
on site can be made up from the mains, (ii) in a standby mode so that in the event of a 
mains failure the CHP is able to provide emergency power or (iii) in an independent 
mode where the CHP provides the total power requirement. The CHP at WBF operates 
in a modified independent mode during a defined time period, if the PV array and the 
battery are unable to supply the load demand, and consists of a Fiat Uno 900cc propane 
fired engine driving an induction generator as shown in Figure 3.8. 
Figure 3.8: CHP 
Since it operates independently from the grid, it is parallel-connected with a capacitor 
bank which provides the reactive power required for excitation. The 3-phase 415V 
electrical output is fed through a battery charger to the DC busbar and the thermal output 
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electrical output is fed through a battery charger to the DC busbar and the thermal output 
is used to provide hot water for central heating. The operating efficiency being obtained 
is within the range 70% - 80%, which is extremely favourable when compared with the 
corresponding figure for a diesel generator of 38% [O'Callaghan 1993]. A schematic 
layout of the CHP is illustrated in Figure 3.9, where the temperatures and pressures 
shown are those for the CHP when it is at full load. 
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Figure 3.9: eHP Schematic Layout Diagram 
3.1.4 Battery 
The Tudor-Sonnak lead acid tubular plate battery consists of 55 series-connected cells, 
with a nominal capacity of 1260Ah (C24), although a constant current discharge test in 
May 1994 established that the battery capacity had fallen to 74% of the nominal capacity 
(i.e. 932Ah). 
30 
Chapter Three 
3.1.5 Single-Phase Inverter 
The single-phase self-commutated pulse-width modulated inverter, is a Power Systems 
International 12kV A CPS Uninterruptible Power Supply (UPS). In a standard UPS, a 
rectifier initially converts the incoming mains supply into regulated DC, that is then used 
to meet simultaneously the power requirements of the inverter and to float charge the 
battery used to maintain power to the inverter in the event of a mains failure. At WBF, 
the inverter is supplied by the DC busbar, with the UPS battery and rectifier having been 
previously removed. The static switch transfers the load to the grid without interruption 
in the event of inverter failure, malfunction or overload. Figure 3.10 shows that a manual 
bypass provides isolation for the inverter from the DC busbar and the grid, by connecting 
the load directly to the grid. 
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ACSUPPLY I I 
RECI1F1ER 
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Figure 3.10: Inverter Schematic Diagram 
3.1.6 Three-Phase Inverter 
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The three-phase self-commutated pulse-width modulated inverter, is a Power Systems 
International 12kVA ET UPS which, like the single-phase inverter, has had the UPS 
battery and rectifier removed, with the inverter being supplied by the DC busbar as in 
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Figure 3.10. The pulse output meters are in the same position as for the single-phase 
inverter, with the DC shunt rated at 0.8 mV/A and the AC output having the same current 
transformer rating of IOONSA. 
3.1.7 Battery Charger 
The battery charger is a Morrison 3ECP/llO/ISO constant voltage charger. It has a 
maximum output current of 160A and the charging voltage can be adjusted between float 
and boost settings (I26V-I46V). A typical graph of the battery charger output 
characteristics for the seven hour off peak tariff period is shown in Figure 3.11. 
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Figure 3.11: Typical Battery Charger Operating Characteristic 
3.2 SYSTEM OPERATION 
140 
120 
100 
80 
60 
40 
20 
The contribution of each of the four energy sources (wind, solar, CHP and grid) to the 
CEGS is dependant on both the time of day and year, as shown in Figure 3.12. The PV 
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array energy output follows the expected' climatic pattern, with the maximum output in 
the summer months when the sun is at its highest altitude and the solar irradiance 
incident upon the array at its maximum value. During the peak tariff period in the winter 
months the battery and PV array may be unable to supply the load demand, as this is then 
at a maximum and the solar array output is a minimum. Any further energy required is 
provided by the CHP. Conversely, the CHP output is at a minimum during the summer 
months when the load demand is also a minimum and the PV array output is a maximum. 
Consequently the CHP electrical output and PV array output are negatively correlated. 
The wind turbines and grid are parallel-connected during the off-peak period, so that 
variations in their outputs are effectively mirror images of each other. 
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Figure 3.12: CEGS Energy Balance 1994 
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Throughout 1991, which was the first full year of CWS25 energy generation, the wind 
turbines supplied energy simultaneously to the farm and exported it to the grid. In 
January 1992, a contract under the NFFO provided the financial incentive to export as 
much of the wind energy generated as possible. This change to the operating strategy is 
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illustrated by Figure 3.13 where, compared with 1991, the wind energy contribution to 
the CEGS for 1992 - 1994 is reduced as more of it is sold to the grid. 
so -----------------------------------------------------
1991 1992 1993 1994 
LEGEND 
~ Solar III!I Wmd • CHP Q] Import from Grid 
Figure 3.13: CEGS Energy Inputs 
The resulting energy deficit to the CEGS has been met by increased operation of the 
CHP, which also accounts for the reduction in imported energy. The PV array output 
remained fairly constant throughout the period. The mean of each generating source for 
the period 1992 - 1994, during which time the NFFO contract has been in effect, is 
shown in Figure 3.14. On average 29% of the annual CEGS load demand is supplied 
from renewable energy sources, 30% from a fossil fuel source (propane) and 41% from 
the grid. 
For each kWh of electricity produced by a renewable energy source, a kWh of electricity 
does not have to be generated from a fossil fuel generating source and the saving in 
emissions is shown in Table 3.1 [Department of Trade and Industry 1994]. 
34 
Chapter Three 
LEGEND 
~ Solar m Wind • ClIP o Import from Grid 
Figure 3.14: ~EGS Mean Energy Inputs 1992 - 1994 
Table 3.1:, Displaced Emissions 
Annual 
CEGS 
Emission Displaced Renewable Emissions 
Type Emission Generation Saved 
kg I kWh kWh kg 
CO, 0,750 - 1.000 53500 40125 - 53500 
SO. 0.010 - 0.013 53500 535 - 696 
NO. 0.004 - 0.005 53500 214 - 268 
The amount of CO2 that has been saved can be equated to the amount offossil fuel that 
has not been burnt, by the quotient of the emissions saved from Table 3.1 and the value 
'. 
for each kg of CO2 released for each unit of fuel from Table 3.2 [O'Callaghan 1993]. 
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Table 3.2: Amount of Fuel Saved 
Fossil Fuel Unit kg of COl released Amount of fossil 
for each unit offuel fuel saved 
Coal Tonne 3616.4 11.1 - 14.8 Tonnes 
Oil Tonne 3142.8 12.8 - 17.0 Tonnes 
Gas m3 2.2 18239 - 24318 m3 
Table 3.2 shows that the combined mean annual energy output from the solar array and 
wind turbines saves burning between 11.1 and 14.8 Tonnes of coal each year, and Table 
3.1 that this reduces by 40125 - 53500 kg the amount of CO2 released into the 
atmosphere. 
3.2.1 Peak Tariff Operation (07:30 - 00:30) 
All electrical energy from the wind turbines is exported to the grid. The load demand is 
met by the PV array and the battery, provided that the battery voltage remains above the 
minimum threshold of 107V. At this voltage, the ClIP cuts in to supply the load and 
charge the battery, and it runs until the battery voltage is raised to the maximum 
threshold of 127V. The DC energy distribution during this period is shown in Figure 
3.15. 
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Figure 3.15: DC Peak Tariff Energy Distribution 
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This mode of operation of the system is dependant on the time of year, the climatic 
conditions and the instantaneous load. During the summer months of high global 
irradiance and minimum load demand, the PV array output may be more than sufficient 
to supply the load, with any excess power being used to charge the battery. If there is 
intermittent cloud cover, the battery may cycle between charge and discharge throughout 
the daylight hours. 
Frequent cycling of the CHP, controlled by the battery voltage, occurs as it supplements 
the peak tariff load demand that is being met by the battery and the PV array. The cycle 
frequency, length and depth is dependent on the climate and the time of year. Peak 
cycling occurs in the winter, when the load is at its maximum and the PV array output 
is at its minimum (e.g. 20-25 cycles of the CHP may occur during the peak tariff period, 
with each cycle lasting between five and twenty minutes). A CHP is best suited to 
applications where there is a constant demand for both electricity and heat (e.g. 
swimming pools) and where a high operating efficiency can be achieved (90 - 95%), 
[Biklim 1988]. With the CHP operating intermittently during the peak tariff period, there 
is therefore a lowering of the operating efficiency and an expectation of higher 
maintenance per unit output. 
For example, the electrical energy and thermal energy outputs for April 1995 total 728 
kWh and 1900 kWh respectively, whilst the CHP fuel energy input is the product of the 
amount of propane used in this month (148.96 m3) and its energy content (86.1 MJ/m3), 
and this equates to a CHP operating efficiency of 73.8%. 
Considering that the battery is less then seven years old, the capacity is lower than 
expected for a battery of this age. This is due, in part, to the battery charging being 
controlled by the battery voltage rather then the battery SOC. For instance, at present if 
a large load is started (e.g. the 4kW heat pump), the battery voltage will drop and if it 
faIls below the minimum threshold voltage for the controller, the CHP will start. In other 
words the present voltage control strategy does not take into account whether or not 
sufficient capacity remains in the battery to supply all or part of the load demand, before 
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starting the CHP. On wind-diesel systems it is common practice to use the SOC as the 
determining value for the charge controller [Energy Research Unit 1994]. The high 
cycling of the battery caused by this operating strategy is illustrated in Figure 3.16, where 
battery charge is represented by a negative current and battery discharge by a positive 
current. 
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Figure 3.16: Typical Battery Daily Operating Cycle 
3.2.2 Off-Peak Tariff Operation (00:30-07:30) 
This allows electrical power to be imported from the grid at the cheaper off-peak tariff, 
if there is insufficient wind power to meet the system demand. When the available wind 
power exceeds the system demand the excess power is exported to the grid, and when it 
equals the system demand, the power transfer is zero. The energy output from the wind 
turbines and the energy imported from the grid, both supply the battery charger input. 
The output from the battery charger supplies both load demand and battery charging as 
shown in Figure 3.17. 
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Figure 3.17: OtT-Peak TaritTDC Energy Distribution 
Though the battery receives charge intermittently during the day, dependant on load 
demand and solar irradiance, it receives the main charge during the off-peak period. A 
problem that has been identified to result from this system of operation, is that at 07:30 
every morning the battery charger is switched off regardless of what the battery SOC is. 
Consequently, during this time period it is very likely that all of the energy discharged 
from the battery during the peak tariff period has not been replaced. If a lead-acid battery 
is not fully recharged after a discharge, then all of the lead sulphate formed on the 
electrodes during the discharge (as described in section 4.2.5), will not be transformed 
into lead during the charging process, and as lead sulphate is an insulator there is a 
reduction in the battery capacity. If this process is repeated, then the quantity of lead 
sulphate on the electrodes increases, which has the effect of steadily reducing the battery 
capacity. This phenomena is termed "walk down" [Williams 1993] as the battery has 
continuously been charged less than it has been discharged, with the result that the 
battery has gradually "walked down" its capacity curve. Evidence of this on the WBF 
battery was by the low battery capacity determined from the load test on the battery in 
May 1994. 
3.2.3 CEGS Circuit Diagram 
The present CEGS circuit diagram is shown in Figure 3.18 and a description of each the 
components and their function is given below. TOTEM is the model name for the CHP. 
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Figure 3.18: CEGS Circuit Diagram 
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This relay is part of the heat pump control circuit and for reasons of 
clarity is omitted from the drawing. 
This relay is controlled by the system time clock, and when it is energised 
(0730 - 0030), RL2-1 in the TOTEM control circuit closes. RL2-2 is at 
present not used and is omitted from the circuit diagram. 
When the TOTEM starts, contacts X and Y close to energise this relay. 
RL3-1 closes and feeds a supply to the TOTEM circulating pump main 
contactor which then closes. When the TOTEM stops, RL3-2 opens and 
supplies RLIOIl which delays the opening ofRLlO-l, thus allowing the 
TOTEM circulating pump to continue running and remove residual heat 
from the pipes. RL3-3 is in the heat pump control circuit and is omitted 
from the drawing 
This relay is energised when the battery voltage reaches its minimum 
threshold value. Once energised it closes RL4-1, which completes the 
starting circuit for the TOTEM. 
This relay is controlled by the system time clock and when it is energised 
(0030 - 0730), RLS-l closes. This energises CONI/7 which in turn closes 
the main 3 phase contacts, allowing energy from the wind turbines or grid 
to feed into the system. RLS-2 disables the TOTEM when the load is 
being fed from the wind turbines or grid. 
This relay is controlled by the TOTEM and when energised closes RL6-1 
which allows the propane gas supply valve to open. 
This relay was used to disable the TOTEM during high tariff bands. As 
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this function is not presently used, the relay is omitted from the circuit 
diagram. 
A fan exists to dump excess heat from the TOTEM to the conservatory 
of the farmhouse and this is directly supplied from a I-phase I 3-phase 
inverter via the TOTEM. If required relay RLS/5 can be energised via the 
DFOS, which will supply the dump fan from the 1 phase farm supply and 
isolate the inverter from the TOTEM. RLS.I-2 open the supply to the 
dump fan from the TOTEM. RLS.3-4 close the supply to the dump fan 
from the 1 phase farm supply. RLS.5 when closed provides a supply to 
the motorised valve in the water circuit to the dump fan. 
This relay is energised by the TOTEM Battery Charger Manual Switch 
and allows a permanent supply to the TOTEM Battery Charger to prevent 
the battery becoming discharged during periods of infrequent use in the 
summer. 
This is a time delay relay that, when energised, closes RL 10.1 and keeps 
CON4/3 energised when the TOTEM has stopped, allowing the residual 
heat in the pipes to continue to be circulated. 
This determines which generating source (wind turbines/grid or CHP) is 
used to supply the DC busbar. 
This switches the heat pump soft start off, so that it can be reset if it has 
tripped, (ie due to a high gas pressure in the compressor causing an 
overload). If the soft start was not automatically switched off and reset, 
the heat pump would require manually resetting if it has tripped. 
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CONTACTORS 
CON] 
7 
CON2 
S 
CONJ 
2 
CON4 
3 
CON5 
2 
SWITCHES 
AP 
BS 
When energised this contactor closes contacts CONI 1-4, feeding the 
supply from the wind turbines or grid to the battery charger. CONI.S and 
CON!.6 disable the TOTEM when the load is being fed from the wind 
turbines or grid. CON!.7 breaks the circuit to CON2/S, thus preventing 
the CHP main output contacts from closing. 
When energised this contactor closes contacts CON2 1-4, providing a 
supply from the CHP to the battery charger. CON2.S breaks the circuit to 
CON1I7 thus preventing the wind turbines or grid main contacts from 
closing. 
When energised this contactor closes contacts CON3 1-2, which 
completes the control circuit for the inverter supplying the dump fan. 
When energised this contactor closes contacts CON4 1-3 and allows the 
CHP circulating pump to run whilst the CHP is running and also when it 
is stopped to remove residual heat. 
When a supply is provided to the battery charger this contactor is 
energised and closes contacts CONS 1-2 to allow the Battery Room 
Extraction Fan to run. 
Advance Pushbutton: This alters the state of the battery voltage 
monitoring circuit so as to either start/stop the TOTEM. 
Bypass Switch: This allows manual starting of the TOTEM by shorting 
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out the battery voltage relay contact. This switch is generally not used, as 
it requires the TOTEM to be manually stopped. 
Battery Voltage Monitor Disable Switch: This manual switch disables the 
TOTEM. 
Dump Fan Override Switch: This manual switch allows the dump fan to 
run, whenever required to heat the farmhouse conservatory. 
Dump Fan Thermostatic Switch: If the conservatory air temperature 
becomes too low the heat detector causes the DFTS to close. This 
energises a motorised valve which, until fully open, will prevent the 
dump fan from running. This means that the Dump Fan will not run until 
there is hot water at the dump fan. 
Heat Detector: There are several heat detectors within the system. The 
heat detector across terminals P and Q in the TOTEM detects if the air 
temperature above the TOTEM is excessive i.e. due to a fire. If so it will 
shut the TOTEM down ifit is running. 
Hot Water Flow Temperature Switch: This opens the TOTEM control 
circuit if the flow water temperature becomes too high. 
Hot Water Return Temperature Switch: This opens the TOTEM control 
circuit if the return water temperature becomes too high. 
TOTEM Battery Charger Manual Switch: Ensures a constant supply to 
the TOTEM battery·charger to prevent the battery becoming discharged. 
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3.3 SYSTEM PERFORMANCE 
Data has been extracted from daily records of the CEGS energy distribution and used to 
produce the following system performance characteristics. 
3.3.1 Wind Turbines 
The output from the wind turbines shown in Figure 3.19 follows the expected seasonal 
. variations. Of particular interest is January 1993 where the energy generated was nearly 
twice the previous highest monthly total, while February 1993 produced one of the 
lowest ever monthly totals. For an autonomous hybrid system, this emphasises the 
variability of the wind energy resource and the need for some form .of energy storage. 
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Figure 3.19: CWS25 Energy Generated 1991 - 1994 
About 80% of the electrical energy generated by the wind turbines is exported to the grid 
during the peak tariff period, with the remaining 20% being imported into the CEGS 
during the off-peak tariff period, as illustrated in Figure 3.20. 
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Figure 3.20: Wind Turbine Energy Supply 1994 
3.3.2 Photovoltaic Array 
Due to the increase in cloud cover in the U.K. during the winter [Martyn 1992], the direct 
component of the global irradiance is minimized whilst the diffuse component is 
maximized (as discussed in section 4.2.1). Consequently, the PV energy output during 
the winter, as shown in Figure 3.21, is mainly dependant on the level of diffuse 
irradiance. In the summer, when there is generally only intermittent cloud cover, the 
energy output is mainly dependant on both direct and diffuse irradiance. 
The variation of the PV array output and the irradiance level is illustrated in Figure 3.22. 
At the start of the day the sky is overcast (high diffuse irradiance) and low output is 
achieved, whilst in the afternoon the large irregular variations in output are due to 
scattered cloud (both diffuse and direct irradiance). 
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Figure 3.21: PV Array Energy Output 1991 - 1994 
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Figure 3.22: PV Array Output 22 June 1993 
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3.3.3 Combined Renewable Energy Resource 
If all the wind and solar energy is used to supply the load demand of the CEGS, there 
will still be periods when their combined energy is insufficient to supply the load 
demand, as during February, May and July-October in Figure 3.23. This further 
illustrates the need for some form of energy storage and/or back-up generation for hybrid 
systems, when the climatic conditions are such that the renewable energy generated is 
likely to be insufficient to meet the instantaneous load demand. 
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Figure 3.23: Renewable Energy Balance 1994 
3.3.4 Load Balance 
The system efficiency of the CEGS is defined as the quotient of the load demand (Le. 
system output) and the sum of the energies supplied to the CEGS (i.e. system input). This 
efficiency is illustrated in Figure 3.24, where the ratio between the CEGS energy input 
(i.e. wind, PV, CHP and grid) and the load demand remains reasonably constant 
throughout the year. The difference between the two curves is a measure of the monthly 
system losses, which averaged over the year is 29% of the CEGS energy input, and 
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accounts for conversion losses in the battery, the battery charger, and the two inverters. 
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Figure 3.24: CEGS Load Balance 1994 
3.3.5 Capacity Factor 
00< 
Capacity factor is a measurement of the utilisation of a particular generating source and 
is commonly used for evaluating all forms of power generation equipment [Eggleston 
and Stoddard 1987]. It is given by 
Capacity Factor Energy generated during active hours 
Power rating . Active hours (3.1) 
where active hours are the number of hours in the analysis period and the power rating 
is the nominal power output of the generating equipment. 
To provide a comparison of how effectively the renewable energy sources contribute to 
the CEGS, their respective monthly capacity factors are calculated, as shown in Figure 
3.25. A problem associated with using this expression for the PV array, is that it assumes 
49 
Chapter Three 
continuous generation throughout a 24 hour period. Though this may be true for a wind 
turbine, it is not the case for a PV array which does not generate during the night. An 
alternative expression often favoured and termed the capability factor, replaces the 
denominator of Equation 3.2 by the number of daylight hours per day, (i.e. the number 
of hours between sunrise and sunset) [Rahrnan et a11990]. In other words the capability 
factor neglects the night-hours when the PV array is unable to generate. Though the wind 
turbines capacity factor and PV array capability factor are calculated with different time 
periods, both expressions are functions of their respective maximum generating hours. 
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Figure 3.25: CEGS Renewable Energy Performance Factors 1994 
The low mean monthly capacity factor for the wind turbines of 13.2% is to be expected 
as the wind turbines are sited in an area with an estimated low mean wind speed of 
4.8m1s. The mean monthly capability factor for the PV array of23.3% (capacity factor: 
7.9%), accounts for the array orientation (azimuth) (160 S.E.), the tilt angle (30°) and the 
possible under utilisation of the solar energy as discussed in section 7.1.3. 
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In the Northern Hemisphere, to maximise the exposure of the array to the sun over a day, 
the azimuth should be 0° (i.e. facing due south) and if the tilt angle is to remain fixed 
throughout the year (as it is at WBF), it should be set to the site latitude angle (i.e. 
@WBF 52°). If it is possible to alter the tilt angle, then during the winter when the sun 
is low in the sky, the tilt angle should be set to the latitude angle plus 11°, whilst in the 
summer when the sun is high in the sky, the tilt angle should be set at the latitude angle 
minus 11° [Buresch 1983]. In other words the array is to be kept as perpendicular to the 
sun as possible. The effect on the array energy capture of varying the tilt angle is 
illustrated in Figure 4.13. 
3.4 SYSTEM MODIFICATIONS 
A voltage control strategy for a hybrid system (such as the CEGS), does not take into 
account the energy available within the battery to supply the load demand. This causes 
start-stop cycling of the back-up generator as the terminal voltage, which varies with the 
load demand, fluctuates between its minimum and maximum threshold settings as shown 
previously in Figure 3.16. 
In the control strategy for a hybrid system there is a balance that has to be considered 
between either high diesel usage and low battery usage, or low diesel usage and high 
battery usage. If the first option is chosen there is an increase in the diesel engine fuel 
consumption and an increase in the wear on the diesel generator, resulting in an increase 
in the operating costs. If the second option is chosen there is greater (dis)charge cycling 
of the battery, which will require to be properly monitored and controlled to prevent 
damage. For hybrid systems, where the technical support for 
repair/maintenance/operation of the battery is either unreliable or unskilled, increased use 
of the diesel is recommended. Fo~ systems where technical support is not a problem, 
more cycling of the battery is recommended [Hille et al 1995]. 
In December 1993, due to the steady failure of individual cells within the battery pack 
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and the high rate of CHP start-stop cycling, modification to the CEGS was considered. 
To prevent any future battery walk down and early cell failure (as discussed in section 
3.2.2), charging of the battery must be completed within the seven hour off-peak tariff 
period. If it is not, then the option must be available to extend the charging period into 
the peak tariff period until charging is complete. To assist in this a new battery charger 
was sized to allow the battery to be recharged from 50% SCC during the seven hour off-
peak tariff period and supply the load and provide spare capacity for any future 
expansion to the system. The new battery charger is a PSI 120 ATS 300 thyristor 
regulated current rectifier, with a nominal input of 415V 85A (61kVA) and a nominal 
maximum output of 162V 300A (49kVA). It is a dual-rate charger and will initially run 
on a boost charge setting at 100% rated constant current until the terminal voltage per 
cell rises to 144V (2.4V/cell). The charger then switches to the float charge setting where 
a constant voltage of 134V (2.23V/ cell) is maintained and the current is allowed to taper 
down to its float setting of between 1-5A. 
To reduce the high CHP cycling rate it was decided to change to a SCC control and cycle 
the battery more with a battery specifically designed for high cycling applications. Such 
batteries are now available, derived from the traction batteries used in milk floats, 
electric cars etc. The battery chosen was a SEC Type 6-S 1 00 25 Solar Powr (sic) battery 
rated at 1537 Ah (C124) and consisting often separate 12V modules in series to provide 
120V, with each module containing six 2V cells. It is a flat plate lead acid battery with 
recombination units on each cell to recombine the oxygen and hydrogen produced during 
gassing into water, which then reduces the electrolyte loss. The lifetime of this type of 
battery is dependant on the daily depth of discharge as shown in Figure 3.26. 
A problem associated with this modified system is that the maximum CHP output is 
15kW, giving a maximum output from the battery charger of 100A when the CHP is 
running. Consequently the battery charger must switch between a maximum power 
output of300A during the off-peak tariff period and 100A, (so as not to overload the 
CHP during the peak tariff period). This part of the modification is not yet complete and 
has severely limited the availability of recent data for validation of the computer model. 
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Figure 3.26: SEC Solar Powr Battery Cycle Life 
It was also proposed that the battery monitor would provide the control signals that 
switch the battery charger on aud off. Within the battery monitor there is a low capacity 
Ah a1ann, that is active during a monitored discharge, and this would control a relay for 
the signal to start the CHP. A further alarm is activated by the overall battery voltage aud 
this would be used to switch the CHP off. This modification has not been completed. 
The effect of all these modifications on the CEGS, will be to allow the battery to supply 
the load prior to switching on the CHP during the peak tariff period, causing the CHP to 
run less frequently than at present. 
A schematic layout of the modified CEGS is illustrated in Figure 3.27. 
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Figure 3.27: Modified CEGS Schematic Layout 
3.5 SYSTEM ECONOMICS 
3.5.1 Operating Balance 
Chapter Three 
SECType6·SIOO2 
I S37Ah (C24) 
SolarPowr 
Lead Acid Battery 
cv 
-
® : Pulse Output Meters 
Net figures for the operating balance of the CEGS are shown in Table 3.3, exclusive of 
VAT. The cost of propane is based on the amount that is used and the price per litre 
quoted by the fuel supplier. The annual maintenance and repair hours for the wind 
turbines are estimated to be 55 hours. Assuming a labour charge of £30 per hour, this 
equates to an annual cost of £1650. The difference between the annual totals is dependent 
on the wind energy generated, the price received for each kWh exported, and the propane 
price. 
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Table 3.3: CEGS Operating Balance 1991-1994 
PRICE 1991 1992 1993 1994 
£ £ £ £ 
EXPORT +2700 . +5300 +5200 +5977 
IMPORT -1106 -706 -709 -696 
PROPANE -647 -747 -1048 -1189 
O&M -1650 -1650 -1650 -1650 
TOTAL -703 +2197 +1793 +2442 
The CEGS energy distribution and the respective cost values of exported and imported 
energy are illustrated by Figure 3.28. 
WEST BEACON FARM 
GRID CHP 
2.7 p/kWh 
11.98 p/kWh 
WIND TURBINES SOLAR ARRAY 
BATTERY 
Figure 3.28: CEGS Energy Distribution 
3.5.2 Generating Cost Analysis 
With the CEGS primarily developed as a result of the personal enthusiasm and 
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commitment of the farm owner rather than its economics, the energy generation cost was 
not a main priority. Consequently, to provide an economic analysis for comparison with 
other hybrid systems, the generation cost for electricity generated by a wind turbine can 
be calculated by [Freris 1990] 
where 
and 
G = C (R + M) 
E 
R r 
1 - (1 + r)'" 
The generating cost is therefore rewritten as 
G = E.- (R + M) 
W h F 
(3.3) 
(3.4) 
(3.5) 
(3.6) 
The capital cost of each wind turbine at West Beacon Farm was £30000 and the annual 
operation and maintenance cost per wind turbine is £825. As no loan was taken to 
purchase the wind turbines, the opportunity cost of this investment is estimated to be 4%. 
The annual capacity factor for each wind turbine is 13 .2%. 
Therefore 
R 0.04 
1 - (1.04>-20 
0.07358 
and the generating cost is calculated as 
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(3.7) 
G 30000 
25 
£0.10 
--kWh 
( 0.07358 + 825) 30000 
8760 . 0.132 
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(3.8) 
Thi s calculation is also used to evaluate the PV array generating cost, where C is the 
array capital cost (£20000) and E is the annual energy yield (3500kWh). Assuming that 
the operating and maintenance cost for the array is negligible and that the investment 
terms are the same as for the wind turbines, then the PV array generating cost is 
calculated as 
G 20000 . 0.07358 
3500 
£0.42 
kWh 
(3.9) 
The variation of the wind turbine generating cost with the interest rate and the period of 
capital repayment, is illustrated in Figures 3.29 and 3.30 for the wind turbine and PV 
array respectively. The generating cost reduces as the period of capital repayment 
increases, levelling out at about 15 years. 
It is recognised however that if finance for this project was sought from the private 
sector, the risk element is considered, and this is taken into account in the high discount 
rates (15 - 20%) that are typically used [Open University 1994]. Consequently ifmoney 
at these terms (15% discount rate) had been used to finance the CEGS, than the 
generating cost for the wind turbines and PV array rise to £0. 19/kWh and £0.91lkWh 
respectively. 
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CHAPTER FOUR 
SYSTEM MODELLING 
4.1 SOMES 
System data recorded daily since 1988 was used in the initial development of a 
mathematical model of the system [Morgan 1991]. This model was developed prior to 
the change in system operation that followed the NFFO contract and modelled several 
different system configurations, optimising for maximum revenue from electricity sold 
to the grid. This model was limited iil that it was restricted to WBF and could not be used 
with other hybrid configurations for comparison of energy distribution, operating costs, 
etc. 
It is possible to model the CEGS by anyone of four classes of steady state and dynamic 
models [McGowan et al 1988]. A quasi-steady state model is defined as one where the 
time step used is between 10 minutes and 1 hour, and relatively large energy storage is 
available. This form of model for the CEGS is preferred to a more dynamic model, where 
the time step is in the order of seconds, because of the way the system has evolved and 
the complexity of the control strategy. Consequently, the Simulation and Optimisation 
Model for Renewable Energy Systems (SOMES), developed at Utrecht University, 
Holland has been used, as it is of this type [Engineering Research Unit 1994]. 
This model is designed for the simulation of either autonomous or grid connected hybrid 
systems and initially was not suited to the CEGS, due to the CEGS operating with both 
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configurations in a 24-hour period. Agreement was reached with the authors of the 
software, that access to the source code would be made available to enable the 
modifications necessary to model the CEGS to be made. A visit to Utrecht University 
followed where further instruction in the use of SOMES and details of the modelling 
concept used was given. 
Once familiar with the source code (written in Turbo Pascal), subsequent work 
concentrated on adapting it to model the CEGS. The major part of this work involved the 
inclusion of the CHP and grid into the same configuration, (a strategy that the original 
version of SOMES does not allow). The main files worked upon and their location in the 
part of the program structure which required modifying, is shown in Figure 4.1. 
Unit Acresult .....::---------:~Unit Simulatl .....:-------'~Unit Initvars 
::( '" 
~ ::.4.. 
Unit SomTypes .....::---------:~Unit Simulat2.....:-------'~Unit SomGlob 
'" ::( 
~ y ~ 
Unit Simulat3 
Figure 4.1: Program Structure 
A description of each of the files shown in Figure 4.1 is given below 
Unit Simulatl Prepares all the components in the modelled system prior to the 
simulation and outputs model results to Unit Acresult for 
display. 
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Unit Simulat2 
Unit Simulat3 
Unit Acresult 
Unit Initvars 
Unit SomGlob 
Unit SomTypes 
Chapter Four 
Reads data files and runs the hourly control strategy. The model 
loops around this unit dependant on the user defined simulation 
period 
Contains Procedures and Functions that are used in the strategies 
defined in Simulat2 
Contains layout of four page output text file and associated 
algorithms 
Gives some variables their starting or default values 
Defines the variables that are used throughout the program 
Lists records that are used in the program 
For the CEGS a simulation run starts at 00:00 and at 08:00 a conditional statement in the 
control strategy, within Unit Simulat2, switches the model from grid-connected to 
autonomous mode. The energy that is generated each hour (as calculated in Unit 
SimuIat3) is used in the control strategy to detennine the energy distribution around the 
CEGS. The annual values for energy distribution and operational hours for each 
component are passed to Unit Acresult for inclusion in the output text file. 
In modelling energy exported to the grid from the wind turbines, use was made of the 
residual load (i.e. dump load) facility in the original SOMES version. By setting as high 
a value as possible for the residual load, it can simulate an infinite source (i.e. grid). The 
selling price of the energy exported to the grid is set in the load screen menu. For the 
calculation of energy being imported from the grid, a complete new set of variables and 
associated equations are incorporated into the source code, and modifications to the load 
screen menu allow the buying price for this energy to be entered into the model from the 
screen. 
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Changes to the output plot file, which details all the hourly values for the simulation 
period, allow both the CHP, and energy imported to and exported from the grid, to be 
included as shown in Figure 7.5. 
The remainder of the alterations occur in Unit Acresult and are mainly concerned with 
the inclusion of both the CHP and grid in each page of the output text file. During the 
off-peak tariff period, when the wind energy generated is insufficient to supply the 
system load, energy is imported from the grid. Consequently, as the grid and wind 
turbines are parallel-connected, the energy input into the rectifier is the sum of these two 
energy values. To calculate the annual amount of energy that is supplied from the grid 
(YGridUse) or the wind turbines (YWindUse) to the load, their respective hourly 
contribution to the rectifier input (HRecln) is calculated and summed as shown below: 
YGridUse:= YGridUse + (lllnvln - HPVOut) * (HFromGrid / HRecIn) 
YWindUse:= YWindUse + (lllnvIn - HPVOut) * (HWindOut / HRecIn) 
This method is also used in determining their contribution to the annual energy supplied 
to the battery. 
As the battery is subjected to multiple cycling and is a major source of capital 
investment, it is important to have a clear understanding of the battery capacity at the end 
of the simulation period. In the original SOMES version this parameter is not calculated. 
The battery capacity is now calculated within Unit Acresult and is shown in the Battery 
Performance Data in Figure 7.1. 
The View Lay-out function in the systems screen menu, allows the lay-out of the system 
being modelled to be displayed on the screen. Modifications to the program controlling 
this display, enable the CEGS to be more clearly represented. 
One advantage of using SOMES is that it contains intrinsic optimisation and sensitivity 
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analysis routines. The first of these searches for the hybrid system configuration that will 
supply a load demand with a predefined reliability at the lowest electricity price, whilst 
the sensitivity analysis routine enables the effects on the energy distribution to be 
investigated when one of the components is varied in size (i.e. what happens if the PV 
array is increased in size from 6kWp to 10kWp in lkWp steps). It also enables other 
alternative hybrid schemes to be modelled (e.g. PVlbattery, wind/diesel or even diesel 
only). Modelling of a diesel only generating scheme is very useful, as it is common for 
hybrid schemes to be considered as a replacement for, or an expansion to, an existing 
energy scheme in which only a diesel generator is available. 
SOMES calculates the economically optimum configuration for a typical hybrid system 
considering both the local site conditions and the required electricity supply reliability. 
It requires load and meteorological input datafiles and evaluates the system performance 
using an hour by hour simulation. 
4.1.1 Load Datafile 
The hourly load datafile can be constructed either from theoretical load data or actual 
monitored data. For the CEGS, validated monitored load data, collected as part of this 
research, was used in the model. Had no such monitored data been available, the datafile 
could be constructed by either assuming a constant annual load, a constant monthly load, 
or constructed from the subsidiary program LOADGEN that forms part of the SOMES 
environment. The load datafile is therefore based on actual data rather than on a 
theoretical constructed load, which the other three options would provide. This gives a 
more accurate reflection of the operating conditions of the CEGS as an input to the 
computer model. 
As an hourly load (inverter output) datafile for a full year is unavailable, the load datafile 
is constructed from monitored monthly inverter input data for 1991 - 1994, as shown in 
Table 4.1 and Figure 4.2. The mean for each month is normalised about the mean for 
March, as a full set of validated hourly inverter input and output data is available for 
March 1995. 
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Table 4.1: Normalised Inverter Inputs 
. 
1991 1992 1993 1994 Mean Nonnallsed Mean Hourly 
kWh kWh kWh . kWh kWh Input Input kW 
January 3757 3838 3864 3.891 3838 1.257 5.0 
February 2851 3095 3070 3144 3040 0.996 4.5 
March 3088 3126 2813 3185 3053 1.000 4.1 
April 3111 2567· 3053 3031 2941 0.963 4.1 
May 2660 1666 1932 2502 2190 0.717 2.9 
June 1449 1734 1854 2197 1809 0.592 2.5 
July 1380 1993 1702 2225 1825 0.598 2.5 
August 1419 1887 1990 2429 1931 0.633 2.6 
September 1530 2250 2268 2592 2160 0.708 3.0 
October 2942 2716 3125 3130 2978 0.976 4.0 
November 3865 3098 3661 3684 3577 1.172 5.0 
December 4014 3626 4016 3704 3840 1.258 5.2 
TOTAL 32066 31596 33348 35714 33182 
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Figure 4.2: Monitored Inverter Inputs 1991 - 1994 
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Consequently, the hourly inverter output for March 1995 is multiplied by each of the 
normalised values to obtain the hourly inverter output for the other months, assuming the 
normalised relationship between the monthly inverter outputs to be the same as that 
between the inverter inputs. For instance, each hourly inverter output in January is the 
product of the normalised value for January (1.257) and the corresponding hourly value 
in March. For months with a different number of days, the corresponding number of days 
in March are used. The relative frequency distribution of the load file is shown in Figure 
4.3. 
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Figure 4.3: Hourly Load Demand Frequency Distribution 
SOMES at present allows for two inverters to be modelled, but only in a parallel. 
configuration. A system such as at WBF, with two separate inverters supplying different 
loads, is unable to be modelled. To overcome this, it was assumed that the total load of 
the CEGS is the combined outputs from the two inverters. Therefore instead of modelling 
two separate 12 kVA inverters, a single 24 kVA inverter was modelled, 
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4.1.2 Wind Speed DatafiIe 
The wind speed datafile was obtained from the meteorological weather station at the 
Sutton Bonington campus of Nottingham University, (about 10 miles North·East of 
WBF). As the wind speed at WBF is not recorded, the wind speed at Sutton Bonington 
had to be correlated to WBF and the following two methods were used. 
4.1.2.1 Derived Wind Speed Method 
The hourly electrical energy generated is recorded for both wind turbines and, because 
of their close proximity, it is assumed that the energy generated by one wind turbine is 
one half of the total wind energy generated. The hourly energy for one wind turbine is 
then assumed to be numerically equal to the average power generated during that hour. 
An hourly wind speed is then derived from the hourly value of power by using the 
manufacturer's inverted power curve, shown in Figure 4.4. This wind speed is then 
correlated with the wind speed at Sutton Bonington using a recognised technique 
[Simmons 1994]. The correlation period is January 1995 and corrections are needed to 
account for the downtime for repair of No 2 CWS25 on both the 14th and the 18th 
January. The missing data for CWS25 No. 2 was filled in by duplicating the 
corresponding data from CWS25 No. 1. 
When using this correlation method the wind turbine is treated as if it were a large' 
anemometer. However, unlike a true anemometer, which produces a useful signal over 
the entire wind-speed range, the wind turbine output can only discriminate between wind 
speeds lying within the range from the cut-in speed to the stall-regulated speed. At all 
wind speeds below cut-in, the wind turbine produces zero power. Once the wind turbine 
is stall-regulating, there is also no unique relationship between power output and wind 
speed, as illustrated by Figure 4.4. Consequently, all wind speeds below the cut-in speed 
and above the stall-regulated speed are disregarded for the purpose of the correlation. 
Using linear regression analysis, a relationship is obtained between the measured wind 
speed at Sutton Bonington and that calculated at WBF for the given time period (January 
1995), as illustrated in Figure 4.5. It is assumed that this same linear relationship also 
applies outside the operating range of the wind turbine. 
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Finally, an estimated annual hourly wind speed datafile for WBF is derived from the 
annual datafile for Sutton Bonington using the relationship obtained: 
WBF wind speed = 1.3076. Sutton Bonington wind speed + 1.1094 
4.1.2.2 Empirical Wind Speed Method 
An alternative approach, which eliminates the need to determine the windspeed at WBF, 
is to correlate the hourly windspeed at Sutton Bonington directly with the hourly 
electrical energy generation of the CWS25 at WBF, to obtain an empirical power curve 
as shown in Figure 4.6. Once again, the hourly energy output is assumed to be 
numerically equal to the average power generated for that hour. In this method, the wind 
speed datafile for Sutton Bonington is entered as an input file to SOMES, whilst the 
empirical power curve is entered as the CWS25 power curve. 
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Figure 4.6: CWS25 Empirical Power Curve 
The accuracy of both methods depends on the accuracy of the measured wind speed 
datafile, which is unvalidated. A full calendar year datafile was unavailable, though data 
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existed for the periods from 26 January 1994 to 25 January 1995 and 1 January 1995 to 
10 July 1995. In the first datafile, data missing between 19 October to 28 October 1994 
was provided from the wind speeds between 29 October to 7 November 1994. In the 
second datafile, data missing between 24 April 1995 to 27 April 1995 was provided from 
the wind speeds between 28 April 1995 to 1 May 1995. The windspeed datafile is 
constructed from these two files: 1 January to 10 July from the 1995 datafile and 11 July 
to 31 December 1995 from the 1994 datafile. 
4.1.2.3 Wind Speed Frequency Distribution 
The wind speed frequency distribution for both correlation techniques was calculated and 
compared to the Weibull probability density function commonly used to analyse wind 
speed data [Spera 1994]. The probability of the wind speed having a value U is 
k (fJ)kot r( U)k] 
P(U) = C· C . exp l- C (4.1) 
where C is the scale parameter and k the shape parameter. 
The cumulative probability density function, which gives the probability that the wind 
speed U is below a particular wind speed V, is obtained by integrating Equation 4.1 and 
IS 
Q (U<V) = I - exp t( ~r] (4.2) 
The probability that the wind speed exceeds a particular wind speed is then 
(4.3) 
Taking the natural logarithm of Equation 4.3 gives 
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and taking it again gives 
In (-In Q) • k In V - k In C (4.4) 
The right-hand side of Equation 4.4 is linear in In V and therefore In(-In Q) is plotted 
against In V as shown in Figure 4.7. Linear regression is used to find the best straight 
line fit and the parameters k and C are obtained from the gradient of the line k and the 
intercept -k In C. 
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Figure 4.7: Weibull Distribution Logarithmic Plot 
For the Sutton Bonington wind speed datafile the values for C and k are 3.89 and 2.03, 
whilst for the WBF wind speed datafi1e they are 6.21 and 2.44. The values obtained for k 
are within the region 1.7 to 2.5 which is typical for the UK [Freris 1990], whilst those 
for C should be close to the mean wind speed for their respective sites [Twidell et al 
1986], (N.B. mean wind speed at Sutton Bonington = 2.81m/s and at WBF = 4. 78m/s). 
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An alternative approach to calculating the Weibull parameters considers the turbulence 
within the wind and, if k is kept within a specific range, an accuracy of better than 1 % 
is obtained [Bowden et al1983]. It is suggested that for values of k between 1.6 and 3 
and a mean wind speed of U 
(4.5) 
and for values of k between 1.8 and 2.3 
(4.6) 
Using this method the values obtained for C and k for the Sutton Bonington data are 
3.22 and 1.82, and for the WBF data they are 5.46 and 2.31. 
If the values obtained for C and k, from both the logarithmic method and the Bowden 
method are substituted into Equation 4.1, the probability distribution for the wind speed 
for each method is calculated. Figure 4.8 shows these distributions for the Sutton 
Bonington wind speed datafile as well as the probability distribution obtained from the 
wind speed data. A similar comparison for the WBF wind speed datafile is shown in 
Figure 4.9. In both graphs the wind speed U is in 1 mls bins. 
It is clear from Figure 4.8 that there is close correlation between the probability 
distribution of the actual recorded wind speed at Sutton Bonington and the Weibull 
distribution using the Bowden method. The logarithmic method is less accurate, 
highlighting the problems associated with linear regression applied to logarithms and 
double logarithms of the dependent and independent variables. 
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Figure 4.9: WBF Wind Speed Probability Distribution 
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In Figure 4.9 the WBF distribution curve is deflected between wind speeds of 4 - 5 mls 
and 7 - 8 mls, at the estimated points of cut-in and stall regulation of the wind turbine, 
emphasising the disadvantage of using the wind turbine output as a means of determining 
the wind speed. 
4.1.3 Solar Irradiance Datafile 
The solar irradiance datafi1e, obtained from the Sutton Bonington meteorological weather 
station, consists of hourly global irradiance measured on a horizontal plane, with a 
relative frequency distribution as shown in Figure 4.10. Due to the short distance 
between the two sites any localised variation in the irradiance was neglected and 
therefore it is assumed that the irradiance at Sutton Bonington is the same as at WBF. 
100 -----------------------------------------------------. 
~ ----------------------------------------------------_. 
" 
ISO 250 350 450 550 650 750 SSO 950 
Global Irradiance (W/sq.m.) 
Figure 4.10: Global Irradiance Relative Frequency Distribution 
4.1.4 Ambient Air Temperature Datafile 
Like the wind speed and solar irradiance data, the ambient air temperature data was 
obtained from the Sutton Bonington meteorological weather station. The datafile consists 
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of hourly air temperature, with a relative frequency distribution as shown in Figure 4.11. 
Due to the short distance between the two sites any localised variation in the air 
temperature was neglected and therefore it is assumed that the air temperature at Sutton 
Bonington is the same as at WBF. 
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Figure 4.11: Ambient Air Temperature Relative Frequency Distribution 
4.2 COMPONENT MODELLING 
For each system component the program user must specifY various operating factors (e.g. 
outage period, expected life, maintenance cost etc). Data bases with technical and 
economic details of numerous photovoltaic modules, wind turbines, batteries, diesel 
generators, maXimum power point trackers (MPPT), inverters and rectifiers are available 
within SOMES. 
During a simulation run, input data is fed to the model to calculate the hourly solar and 
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wind energy that is available. The hourly energy distribution around the system is then 
calculated, with the energy flows being accumulated over the simulation period. Each simulation 
run concludes with an analysis of the operational and economic performance of the system. 
4.2.1 Photovoltaic Array 
The solar energy that reaches the earth in one hour, is equivalent to the total energy demand of 
its population for one year, which is 1018 kWh. In other words, the incident solar energy upon 
the earth's land mass is 2400 times greater than the world's present energy demand [Hille et al 
1995]. The solar radiation power density just outside the earth's atmosphere, on a plane 
perpendicular to the direction of the sun, is about 1. 3 65kW 1m2 and is termed the solar constant. 
As the solar radiation passes through the earth's atmosphere, its spectrum becomes modified as 
the energy in certain wavelengths is selectively scattered and absorbed by air molecules, dust and 
water vapour, as shown in Figure 4.12 [Neiburger et al1982]. 
25% ABSORBED BY 
ATMOSPHERE ANO CWUDS 
22% REFLECTED BY 
CWUDS TO SPACE 
100% INCOMING 
SOLAR IRRADIANCE 
24% DIRECT IRRADIANCE 
21% DIFFUSE IRRADIANCE 
REACH THE EARTHS SURFACE 
Figure 4.12: Annual Irradiance Distribution 
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Consequently the maximum solar radiation power density received on the Earth's surface 
IM is lkW/m2, and this is the value that is used in the calibration of photovoltaic cells and 
modules. 
The hourly global solar radiation (irradiance) IT incident on a PV array or any inclined 
surface, consists of three components, the beam (or direct) component ~, the diffuse 
component Idand the reflected component 1" as shown in Equation 4.7 
(4.7) 
Beam irradiance consists of the almost parallel rays from the sun. Diffuse irradiance, 
assumed to be uniformly distributed over the hemisphere, approaches the PV array from 
all parts of the sky, and it's contribution to the global irradiance for varying weather 
conditions is shown in Table 4.2. 
Table 4.2: Variation in Diffuse Component 
Weather Global Irradiance Diffuse Component 
W/m' % 
Clear Blue Sky 600- 1000 10 - 20 
Hazy/Cloudy 200 - 400 20 - 80 
Overcast 50 - 150 80 - lOO 
Therefore on a clear day the beam component may well contribute up to 80 - 90% of the 
global irradiance, while on a completely overcast day this figure will be practically zero. 
The PV array will also see irradiance reflected from the ground, with the amount 
received being dependent on the reflectance (albedo) of the ground and the array tilt 
angle [Jenkins 1995]. 
The theoretical monthly average daily irradiance incident on the PV array has been 
calculated using the model proposed by Liu [Liu et al 1962]. However with the array 
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facing 16° South-East, modifications to this are necessary as the sunrise and sunset hours 
are not symmetrical about solar noon [Klein 1977]. This modelling took place prior to 
using SOMES, and allowed the insolation incident upon the PV array with a varying tilt 
angle to be examined, as shown in Figure 4.13. At this stage of the research, the work 
moved away from developing a CEGS model to using and modifYing the source code for 
SOMES. 
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Figure 4.13: Theoretical Monthly Solar Energy at Varying Tilt Angles 
The nominal power output of a PV array, which is sized at Standard Test Conditions 
(STC), has to be corrected for different operating conditions and in SOMES this is 
achieved by 
p =p 
PV PVnom (4.8) 
A typical mono crystalline photovoltaic cell has a value for TlsTC of about 15%, while for 
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a polycrystalline cell the value is about 12% [Alien 1994]. A value of 10% was used in 
SOMES to allow for ageing of the cells and the combined operation of the two types of 
sub array. 
The PV array at WBF consists of two separate sub-arrays, one a monocrystalline ARCO 
2.86kWp array and the other a polycrystalline 2.9kWp Solarex array. Performance 
characteristic data for the PV array was unavailable and the efficiency curve used 
therefore followed the recommendations of Schmid [Schrnid 1994], given in Figure 4.14, 
and the values for TJARRAy were derived from this. 
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Figure 4.14: PV Cell Efficiency normalised to STC Efficiency 
As the ambient temperature rises, !.C increases and v;,c decreases according to the 
empirical relationship as shown in Figure 4.15. This has the net effect of reducing the PV 
cell power output, which is described by the empirical formula [Twidell et al 1986]. 
(4.9) 
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Figure 4.15: PV Cell Temperature Dependency 
0.4 0.5 
Module and system losses within a hybrid system are considered by the term quality factor 
[Schmid 1994]. Module losses are due to the varying solar irradiance, reflection losses and 
module temperature, while system losses account for inverter losses, mismatch and self 
consumption of components. The value for the quality factor will vary, depending on whether 
the hybrid system is operating in a grid connected or autonomous mode, as shown in Table 4.3. 
Table 4.3: Quality Factor Values 
Component Application Quality Factor Q 
Crystalline Si-module 0.85 
PV Array 0.81 - 0.84 
Grid-connected PV plant 0.60 - 0.75 
Autonomous system with backup generator 0.40 - 0.60 
Autonomous system without backup generator 0.20 - 0.40 
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Within the CEGS, the PV array nonnally generates when the system is operating 
autonomously, and a value of 0.3 for the quality factor has been used therefore to take 
account of all losses. 
To enable the irradiance on the tilted PV array to be calculated, values for the tilt angle, 
azimuth and albedo (0.2 [Buresch 1983]) are input to the model, whilst the beam and 
diffuse components are calculated within SOMES. 
The analysis and presentation of monitored data for the PV array within the model 
follows recommended guidelines [Ispra 1993 l. 
Total DC Energy 
EDC = Epv + EWT + ECHP + EFG + EFS - Em 
= Epv + ERECOur + EFS - Em 
PV Array Fraction of Total DC Energy 
Useful Energy 
PV Array part of Useful Energy 
E F E 
use pr P V u.te 
(4.10) 
(4.11) 
(4.12) 
(4.13) 
To allow a comparison between the operating perfonnance of different generating 
sources, the capacity factor is calculated 
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Capacity Factor Actual Annual Energy Generated (4.14) 
Theoretical Maximum Annual Energy Generated 
8760 PpV 
Mm 
The PV array efficiency TlARRAy is calculated as the quotient of the DC energy from the 
array and the solar energy incident on the array, where 
DC Energy Out = DC Energy Generated (E) - Conversion Losses (L) 
and 
Solar Energy In = Array Plane Irradiance (IT) . Time (t) . Array Area (A) 
therefore 
E-L Tl ARRAy = IT t A 
The nominal power of a PV array is 
therefore 
A 
E' 
IT t A 
1000· TlSTC 
Substituting Equation 4.16 into Equation 4.15 gives 
E' 
TlSTC 
Reference Yield 
(4.15) 
(4.16) 
(4.17) 
This is defined as the ratio of the daily array plane irradiance to the hourly ideal 
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where 
and 
therefore 
i Gl Y = -- dt R Gstc day 
f Gl dt = TlsTC 24 IT A day 
f GSTC dt = 1]src 1000 A day 
24 IT 
Y =--
R 1000 
Chapter Four 
(4.18) 
(4.19) 
(4.20) 
(4.21) 
In other words with no filtering of the irradiance as it passes through the earth's 
atmosphere, it will take YR hours to produce the same amount ofirradiance as the array 
would on average receive in one day. 
Array Yield 
This is the number of hours that the PV array would have to operate at nominal power 
Ppv ,to generate the same energy output as the recorded daily energy output. The array 
Mm 
yield differs from the reference yield in that it takes into account the fact that· the 
operating conditions are different from those at STC and therefore include the different 
operating losses. 
Y - Tl A - array (4.22) 
Final Yield 
This is the number of hours that the PV array has to operate at nominal power Ppv ., to 
nom 
generate the same energy output as the recorded daily energy output, taking into account 
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system losses (e.g. inverter losses, battery losses). 
(4.23) 
Performance Ratio 
This is defined as the ratio of the used PV energy and the nominal maximum PV energy 
(i. e. operating at STC), and therefore gives an indication of how closely the system is 
operating to STC conditions 
(4.24) 
1000 E u.~epy 
Plant Efficiency 
This gives an indication of how much solar energy is used to supply the load as a 
function ofthe solar irradiance incident on the array 
TIp = 
(4.25) 
TlSTC 
4.2.2 Wind Turbine 
The kinetic energy of the wind is a function of the wind speed and the air mass, and it 
can be converted directly into mechanical power as in sailing boats, or converted into 
rotational energy and used as a mechanical drive in windmills or wind turbines. 
A wind turbine rotor with a swept area of am2 and an approaching wind with a velocity 
of U rn/s is shown in Figure 4.16. 
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Figure 4.16: Wind Turbine Swept Area 
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The air mass is the product of the air volume and the air density, and from Figure 4.16 
the volume of air passing through the swept area in one second is aUt ml. Consequently 
the air mass m is 
m aUt p 
and on substituting into Equation 4.27 the kinetic energy in the wind is 
Kinetic Energy 0.5 m U 2 
0.5 a t p U l 
and the power that is available in the wind is 
Energy Used Power = ------''''----
Time Taken 
0.5 a t p U l 
t 
= 0.5 a p U l 
(4.26) 
(4.27) 
(4.28) 
As the wind moves across the earth's surface it encounters surface roughness (friction) 
due to mountains, hills, trees, buildings and other obstructions. This causes the lower 
layers to retard the layers above them, resulting in a change of mean wind speed with 
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height (wind shear). With increasing height above the earth's surface the effect reduces 
and the wind speed increases. Therefore, to maximise the energy capture from a wind 
turbine, it is necessary to either increase the height of the turbine, to use a site where 
there are high winds, to increase the air density or to increase the swept area of the wind 
turbine. 
For grid connected wind turbines to generate at a price comparable to fossil fuel energy 
sources, a higher mean wind speed is required than for autonomous applications. 
Therefore it is recommended that the mean wind speed for a stand-alone or isolated 
application should be above 4 rnIs, whilst if the wind turbine is grid-connected it should 
exceed 5 rnIs [Gipe 1993]. At WBF the estimated mean wind speed is 4.78 rnIs at hub 
height. 
In determining the power output the wind shear has to be taken into account, as the wind 
speed measuring height is generally less than the wind turbine rotor height. The scaling 
up of the wind speed is achieved by the logarithmic relationship of Equation 4.29. 
u=u r m (4.29) 
The empirical wind turbine power curve described in Section 4.2.1 and used in the 
model, relates the wind speed (height 2m) at Sutton Bonington to the wind turbine power 
output at WBF (height 25m). If the wind speed is scaled up to the rotor height, the wind 
turbine power output will also be scaled up. Therefore in the model, it is assumed that" 
the measuring height is the rotor height and the wind speed is that measured at this 
height. Once the wind speed has been determined the wind turbine power output is 
calculated using the power curve entered into the model and used as a look-up table. 
Corrections are made to the wind turbine power output for the non-availability of the 
wind turbine due to repair and maintenance, by reducing the wind turbine power output 
85 
Chapter Four 
with the user specified outage percentage. 
The performance data, capacity factor and basic statistical analysis of the wind speed and 
power output data are calculated as for the solar array. 
4.2.3 Combined Heat and Power 
A CHP is typically used where there is a constant requirement for both the electrical and 
thermal outputs (e.g. swimming pool, hospital). The problem associated with using a 
CHP in a hybrid system, is that there must be a heat load whenever it is running, which 
will inevitably increase the initial capital cost of the system and the complexity of the 
control strategy. To simplifY the modelling process, the CHP has been assumed to be a 
15 kW diesel generator and the thermal output has not been considered. 
Within the CEGS, the CHP running costs are a significant part of the generating costs 
and consist of the fuel cost, annual fuel price rise and outage period. The outage period 
accounts for the inability of the CHP to deliver power, due to maintenance, repair or lack 
of fuel. It is simulated by dividing the simulation period into 10 intervals and, at the end 
of each interval, the CHP is prevented from running for one tenth of the total outage 
time. 
For a diesel engine, the fuel consumption depends on the power that is produced, and it 
is expressed in terms of the fuel energy content required to supply a certain load (i. e. 
litres/kWh). If the fuel consumption of a diesel engine increases linearly with load as 
shown in Figure 4.17 [De Bonte 1984b], then the hourly fuel consumption can be 
described as in Equation 4.30. 
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Figure 4.17: CHP Fuel Consumption Model Characteristic 
As previously described, the voltage control strategy is being changed to SOC control. 
Correct control of the CHP is therefore essential and so, within the model, it is possible 
to set the low battery SOC level at which the CHP will start and also the high SOC level 
at which it will stop. 
The performance data, capacity factor and maximum power output are calculated as for 
the solar array and wind turbine. The number of CHP starts is recorded and the electrical 
efficiency is calculated 
CHP Electrical Energy Output 
TJ CHP= CHP Fuel Energy Input (4.31) 
4.2.4 Grid 
SOMES was originally developed to model autonomous energy systems, with the facility 
to model a grid connection system being later incorporated. Both systems were modelled 
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so that they were mutually exclusive, as would norma\1y be the case in a hybrid system. 
Consequently, to model the CEGS where it operates both autonomously and grid-
connected, a time switch was introduced within the source code to transfer the model 
between the two operating modes. From the simulation run, the hours of energy transfer 
to and from the grid are displayed. 
4.2.5 Battery 
A fu\1y charged lead acid battery consists of a positive electrode oflead dioxide Pb02 
and a negative electrode oflead Pb, immersed in an electrolyte of sulphuric acid ~S04' 
Due to the electrochemical reaction between the two electrodes and the electrolyte, a 
potential difference exists as shown in Figures 4.18 and 4.19. 
+ 
Cell Vollllge - Z,3V 
+ 
Cell Vo!llIgc-2V 
- -
Positive Negative 
El"""" El"""" 
Positive Negath-e 
E[~1Jllde EI«1n.1dc 
Coocen.tmcd Sulphuric:Ac:i4 Dilute Sulphuric Add 
31'".4 ::~~W:ter Al:id 17% i:.~:cid 
Spoeiru: Gravity-I.28 kgIl S~fic Gravity- 1.12 kgll 
i..eDd Dioxide Lood LerodSulphllte LeBdSulphotc 
Figure 4.18: Charged Battery Figure 4.19: Discharged Battery 
When a load is connected to the battery, electrons flow from the negative electrode 
through the load to the positive electrode due to the potential difference between them. 
The oxygen atoms released at the positive electrode combine with hydrogen ions H' 
from the sulphuric acid, to form water ~O, and this increase in the water content of the 
electrolyte causes the electrolyte density to reduce. SO; ions are also gradually consumed 
from the electrolyte and bonded to both electrodes to form lead sulphate, and in doing 
so electrons are released from the negative electrode to provide the electrical power. As 
the battery is discharged the electrode area available for the reaction decreases, as the 
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surface area becomes covered with lead sulphate crystals. This causes a rise in the 
internal resistance and a fall in the terminal voltage. When no more area is available for 
the reaction, it is not possible to remove energy from the battery and it is said to be fully 
discharged. To prevent this occurring within the model, it is possible to determine a low 
level SOC at which the CHP will start running. In other words, the battery SOC is 
allowed to fall to a predetermined level as energy is extracted, and when it reaches the 
low level the CHP will start. In the model this level was set at 60% SOC. The 
discharging process at the electrodes is: 
Negative Electrode 
(4.32) 
Positive Electrode 
Pb02 + 2e' + 2H' + H2S04 -+ PbS04 + 2Hp (4.33) 
During the charging process a voltage is applied across the electrodes and a direct current 
is forced through the battery. This forced reversal of electrons breaks the chemical bond 
between the lead and the lead sulphate molecules, and negatively charged sulphate ions 
are released from the electrodes into the electrolyte. As a result of this the number of H 
ions and SO; ions in the electrolyte is increased. Consequently new sulphuric acid is 
formed, and the specific gravity of the electrolyte rises. In a charged cell the specific 
gravity is about 1.28 kg/l and corresponds to an electrolyte composed of about 37% 
sulphuric acid and about 63% water. After the lead sulphate at the positive electrode is 
all converted to lead dioxide, and that at the negative electrode is all converted to lead, 
the charging process is complete. The charging process at the electrodes is: 
Negative Electrode 
PbS04 + 2e' + 2H' -+ Pb + HzS04 . (4.34) 
Positive Electrode 
PbS04 - 2e' + 2Hp -+ Pb02 + H2S04 + 2H' (4.35) 
The amount of electricity which a lc;ad acid battery can accept during charging is limited 
once the lead sulphate has been completely converted to lead dioxide. If charging 
continues, the electrical energy can no longer be used for the chemical conversion of the 
active electrode materials. Electrolytic decomposition of the water occurs, with hydrogen 
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evolved at the negative electrode and oxygen at the positive electrode. This "gassing" 
results in a continuing loss of water, with the result that the specific gravity of the 
electrolyte rises above the value specified for a fully charged battery. However, gassing 
is usually permitted for a certain period to ensure that all the lead sulphate has been 
converted to either lead or lead dioxide and within SOMES the limitation of the ClIP cut 
off is set by the user in the screen menu, and for the CEGS model it is set to 100%. 
There are two methods for modeIIing batteries, the first is the energy transfer model that 
is primarily concerned with the summation of energy transfers to and from the battery, 
and the second is the simulation model where the battery current, voltage, and energy 
flow are modeIled [HiIl et al 1992]. 
Within SOMES two battery models are available, the first of which is of the energy 
transfer type with a constant (dis)charge efficiency specified for the battery. The second 
is based on the Shepherd model [Shepherd 1965], which, at a constant charge or 
discharge current, determines the battery voltage as a function of the current and the 
SOC. A modified version of this model is used within SOMES, to describe the hourly 
relationship between the energy input, the energy output and the battery SOC, and is 
expressed in the charge and discharge efficiencies. 
Battery self discharge is accounted for by increasing the depth of discharge of the battery 
at the end of the hour with the hourly self discharge, which is a function of the monthly 
self discharge value specified by the battery manufacturer and the battery capacity. The 
battery temperature affects the available capacity and is modeIled by considering the heat 
exchanged with the ambient air and the heat losses within the battery. Sulphation of the 
positive and negative electrodes, corrosion of the grids and separators, and loosening of 
the active material on the electrodes, are some of the operating characteristics that 
adversely affect the battery lifetime, which is used in calculating the economic 
performance of the system. 
Battery operation is a critical factor in the reliability and economic analysis of the CEGS, 
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and the system parameters of interest resulting from the energy balance, include the final 
battery capacity, the number of hours during which energy was fed into or removed from 
the battery, the average operating temperature, and the battery operating efficiencies 
The number of battery storage cycles is calculated as the quotient of the energy 
discharged from the battery and the nominal battery capacity, whilst the average battery 
efficiency is calculated as: 
Energy from battery ~ . ~----~----~~~~~==~~~~----~ 
BA1TERY Energy to battery • (Initial battery energy - Final battery energy) 
4.2.6 Converters 
(4.36) 
Within SOMES a converter defines a rectifier, inverter or Maximum Power Point 
Tracker (MPPT), and its power curve is modelled by either a first or second order 
polynomial, dependent on the information supplied by the program user. The minimum 
information needed to model a converter is its nominal power, the efficiency at its rated 
output power and the maximum input power at which its output power is zero, and in this 
instance the power curve is modelled as a first order polynomial. If an intermediate 
output power point and its efficiency are also supplied, the power curve is modelled by 
the second order polynomial, as shown in Equation 4.37. 
P 
oul = 0 0 s; P s; S m 
P + a2 P. + 
2 S<P <M 
oul = at a3 Pin (4.37) m m 
P 
oul 
= P Ms; P 
cony m 
As stated before the two 12 k V A inverters within the CEGS are modelled as a single 24 
kVA inverter. 
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4.3 ECONOMIC MODEL 
Each simulation run concludes with a generating cost analysis, where the total cost is 
defined as 
Total Cost = Investment Costs + Operating Costs + Fuel Costs (4.38) 
The investment costs are assumed to be paid from a loan repaid on an armuity basis using 
real interest, as shown in Equation 4.39, where the value of I is per unit. Although no 
loan capital was required for the purchase of the CEGS components, an opportunity cost 
of 4% has been used throughout the simulation. The annual depreciation costs and 
interest rate are kept constant. 
Now 
Therefore 
Annuity Factor 
Loan Amount = Annuity Factor . Annual Repayment 
Annual Repayment Loan Amount 
Annuity Factor 
(4.39) 
(4.40) 
The operating and maintenance (0 & M) costs are defined by the user as a percentage 
of the investment costs and entered through the screen menu. 
If an armual fuel price rise is included for the simulation period, it is assumed that the 
fuel costs are paid from a loan and repaid on an annuity basis. In this way the annual fuel 
costs are constant despite the price rise. The annuity of the net present value of the total 
fuel cost for the simulation period will give the constant annual fuel cost, as 
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F = F a(ln) 
con.dunl lo/al ' (4.41) 
The total fuel cost is 
F = lolal 
a(/',n) 
(4.42) 
where YFC ' the fuel cost in the first year, is the product of the amount of fuel used and 
the fuel price, and / I the interest rate at which the real interest rate / exceeds the fuel 
price rise i , is 
1+J'=~ 
1 + i (4.43) 
The constant annual fuel cost is obtained by substituting Equation 4.42 into Equation 
4.41 
a(/,n) 
YFC ' 
a(J',n) (4.44) 
The generating cost is calculated as the quotient of the total cost and the load demand. 
The electrical energy supplied to the grid is sold under a NFFO contract and has a fixed 
tariff until 1988. This value is entered through a screen menu, as is the purchasing price 
of electricity bought from the grid. 
4.4 CONTROL STRATEGY 
In an autonomous wind-diesel system, where the wind turbine provides the load demand, 
the supply reliability is totally dependent on the variability of the wind. Consequently a 
load that is being met at one moment by the wind turbine power output, may well not be 
met only a short time later. Therefore the control of the diesel generator, which can assist 
in smoothing out this often rapid power fluctuation, is very important. However a diesel 
generator has inherent no-load operating costs which need to be considered in whatever 
control strategy is adopted. Running the diesel generator continuously will provide the 
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supply reliability required but this is at the expense of a higher fuel consumption, while 
intermittent operation of the diesel will make up the shortfall from the wind turbine but 
will cause high diesel start-stop cycling. An alternative approach is to include some 
energy storage in the system and to use intermittent diesel operation with a minimum run 
time. In this way the fuel consumption is reduced and the diesel start-stop cycling falls 
to an acceptable rate [Freris 1990]. This type of control strategy has been adopted for the 
CEGS during the off peak autonomous period, where the PV array energy output has also 
had to be considered. The voltage control strategy for the CEGS is now being replaced 
by a SOC strategy which takes into account the energy that is available within the battery 
before allowing the CHP to run. The computer model consequently uses the same SOC 
control strategy as shown in Figure 4.20. 
There are two main sections of the control strategy that model the separate operating 
characteristics of the grid-connected and autonomous modes previously described in 
Chapter 3. During the grid-connected mode the rectifier is able to operate up to its 
maximum power output of 48.2 kW, as during this time the battery is under a continual 
state of recharge and there will be a large current initially drawn from either the wind 
turbines and/or grid when the rectifier is switched on at 00:30. There is therefore no 
requirement to limit the rectifier output. The objective of this part of the control strategy 
is to recharge the battery to 100% SOC in the seven hours of the off peak tariff. 
During the autonomous mode the rectifier is limited to only being able to draw the 
maximum CHP power output when it runs, otherwise it will overload and stall on low 
frequency alarm. Within the control strategy there are also checks for the ability of the 
inverter and rectifier to operate, given the hourly energy values of load and extra DC 
energy required. 
The number of yearly energy total~ have been increased to give a more comprehensive 
understanding of the energy distribution within the CEGS, and includes the contribution 
from each of the generating sources to the battery and inverter energy inputs. 
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CHAPTER FIVE 
DATA MONITORING 
5.1 DATA MONITORING 
Before this research project began, data monitoring of the energy distribution of the 
CEGS was limited and a complete understanding of the operational state of the CEGS 
was therefore unavailable. The data that did exist was provided by a mixture of kWh 
(both analogue and digital) and Ah meters, with not all the parameters of interest being 
monitored (e.g. DC supply to each inverter). It was therefore considered that the system 
should be upgraded, so that not only were all the parameters of interest measured but that 
this was done using a standard unit (i.e. kWh). In addition the data should be made 
available for acquisition and analysis. All these objectives were met. 
The data monitoring system was essential for the research project as it provided not only 
.an accurate real time analysis of the system, that had previously not been possible, but 
also the validation data for the computer model. Consequently the analysis, selection, 
procurement, installation and commissioning of a suitable monitoring system, all formed 
a significant part of the research project. 
5.2 DATA MONITORING UPGRADE 
The initial upgrade to the CEGS was the installation of further current shunts, and 
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voltage and current metering points, to allow measurements to be made of the PV array 
and battery charger outputs and the supply to both inverters, as shown in Figure 5. 1. 
Metering points for the battery charge and discharge current, and the battery voltage were 
added later. Although this provided information on the energy at these po ints, it was still 
insufficient for the validation of the computer model, and a more comprehensive data 
• 
....- --...... 
Figure 5.1: DC Busbar Metering Points 
monitoring system has been installed, as shown in Figure 5.2. To monitor the electrical 
energy distribution, there are eleven Sinergy electronic pulse output kWh meters 
(Klikmeters), as shown in Figure 5.3 . These measure true power, which is integrated to 
provide an energy value, and when this reaches the user defined pulse value ( e.g. for the 
wind turbine, one pulse = 0.0 I kWh) a pulse is transmitted . The Klikmeters are powered 
from the voltage to which they are connected, with internal isolated circuitry (0-5A 
current transformers) allowing series-connection to the existing system current 
transformers without any adverse affect. The manufacturers stated accuracy is 2%, within 
10%-120% of their monitoring range. 
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Figure 5.3: Pulse Output Meter 
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A Sinergy optical pulse output meter (Magpeye) measures the propane supply to the 
CHP, while an ISS Clorius EV50 electronic energy meter (with pulse output) measures 
the thermal output. Both meters transmit pulses to the Microlink 3000. 
All pulses are transmitted via screened cable to a rack-mounted Microlink 3000 data 
acquisition system, which is connected to an Elonex 486sx PC (170Mb, 4Mb RAM, 
25MHz). The pulses are logged by the Microlink 3000 software and the daily file that is 
generated is downloaded into Excel for analysis of the energy distribution. A VoItech 
PM3000 Three Phase Power Analyser (traceable to the National Physical Laboratory, 
England and The National Institute of Standards and Technology, Gaithersburg, USA), 
was used for validation and calibration of all the pulse values, as shown in Table 5.1. 
Table 5.1: Pulse Output Meter Data 
Component InpuUOutput 1 Phase 3 Phase Transfonner DC Current Pulse Value 
AC AC Rating Shunt kWh 
Wind Turbine Output 3 Phase lOOAf5A 0.01 
Grid Import 3 Phase lOOA/5A 0.01 
Grid Export 3 Phase lOOAl5A 0.01 
ClIP Output 3 Phase 200AJ5A 0.01 
Charger Input 3 Phase lOOAf5A 0.0119 
Charger Output DC ImV/A 0.0106 
PV Array Output DC ImV/A 0.0112 
Battery Ctuu-g, DC O.5mV/A 0.01 
Battery Discharge DC O.SmV/A 0.0116 
Single Phase Input DC O.4mV/A om 
Inverter 
Single Phase Output I Phase lOOA/5A 0.0153 
Inverter 
Three Phase Input DC O.8mV1A 0.0051 
Inverter 
Three Phase Output 3 Phase lOOA/5A 0.01 
Inverter 
ClIP Propane Supply O.6n 
ClIP Heat Output 0.1 
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This is a combined meter that includes pulse outputs for 
energy both exported to and imported from the grid. The 
voltage measurement is from the three-phase AC busbar, 
while the current measurement is from the three 100AJ5A 
transfonners shown in Figure 3.4. The export readings are 
accurate to within 3% of the utility company export meter 
and the import readings are accurate to within 5%. 
The voltage measurement is from the three-phase AC 
busbar, with the current measurement supplied from the 
existing 200AJ5A Trivector meter (kWh, kV A, kV ARh) 
current transformers, shown previously in Figure 3.4. 
Within the Klikmeter there is a current transformer, and 
a maximum of 4 extra turns may be added to reduce the 
measuring range and to increase the accuracy. As the 
initial accuracy was poor due to the Klikmeter range error 
(i.e. <10%), one turn was added to reduce the range scale 
from 200A to 100A. This is the lowest scaling range that 
is possible without changing the external current 
transformers, which is impractical as they are matched to 
the Trivector meter. The results obtained are accurate to 
within 3% of the Trivector meter readings. 
A light beam is shone from a non-invasive, non-contact 
mounted head on the Magpeye onto the propane supply 
meter dial. As the meter needle passes through the beam, 
a pulse is transmitted to the Microlink 3000 shown in 
Figure 3.9, with the only limitation on accuracy being the 
pulse rate (i.e. <four pulses/second). The monitored 
output is within 0.5% of the daily propane supply reading. 
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The voltage measurement is from the three-phase AC 
busbar, whilst the current measurement is from the 
existing Trivector meter 200NSA transformers, shown 
previously in Figure 3.9. Accuracy was poor due to the 
low K1ikmeter output and four turns were added to the 
internal current transformer, reducing the Klikmeter range 
scale from 200A to 40A. The results obtained are accurate 
to within 4% of the Trivector meter readings. 
An ISS Clorius EVSO electronic energy meter calculates 
the thermal energy output and transmits this as a pulse 
signal to the data acquisition system, shown previously in 
Figure 3.9. The reading obtained is accurate to within 1% 
of the daily manual readings. 
The voltage measurement is from the three-phase AC 
busbar, while the current measurement is supplied from 
three 100NSA transformers shown in Figure S.4. During 
the peak tariff period, when the CHP is running, all the 
electrical energy generated by the CHP is supplied to the 
battery charger. The battery charger input pulse value was 
therefore scaled by a factor of l.19, which has the same 
effect as an extra turn on the internal current transformer 
in increasing the low end sensitivity. 
The voltage measurement is from the DC busbar, whilst 
the current measurement is supplied from a lS0N150mV 
shunt as shown in Figure S.4. The ratio of the Voltech 
reading and the K1ikmeter reading is l.06. Consequently 
the pulse value has been scaled by this amount. 
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The voltage measurement is from the DC busbar, and the 
current measurement is from a SOAlSOmV shunt shown in 
Figure 3.7. The ratio of the Voltech reading and the 
Klikmeter reading is 1.12 and the pulse value was scaled 
by this amount. 
This is a combined meter that includes pulse outputs for 
battery charging/discharging. The voltage measurement is 
from the DC busbar, whilst the current measurement is 
from a 200AlI00mV shunt shown in Figure 5.5. When the 
battery is being charged the K1ikmeter reading is within 
2% of the reading obtained by the VoItech energy 
analyser and no scaling factor has been applied. When the 
battery is being discharged the ratio of the Voltech 
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reading and the Klikmeter reading is 1.16 and the 
discharge pulse value has been scaled by this amount. 
I;~;,f--- To Datalogger 
O.5mV/A Current Shunt 
60 Cell Battery Bank 
Figure 5.5: Battery Charge I Discharge Metering 
Single Phase Inverter Input The voltage measurement is from the DC busbar, while 
the current measurement is from a ISOAl60mV shunt, as 
shown in Figure 3.10. The ratio between the Voltech 
reading and the Klikmeter reading is 1.028 and because of 
the minimal error between the two readings (i.e. < 3%), 
no scaling factor has been applied to the pulse value. 
Single Phase Inverter Output The voltage measurement is from the single-phase AC 
busbar, whilst the current measurement is from a 
IOOA/SA transformer, as shown in Figure 3.10. The ratio 
between the Voltech reading and the Klikmeter reading is 
1.529, and the pulse value has been scaled by this amount. 
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Three Phase Inverter Input The voltage measurement is from the DC busbar, whilst 
the current measurement is from a IS0Al120mV shunt 
shown in Figure 3.10. As the initial IS0Al60mV shunt 
caused the energy value to be in the range error region of 
the Klikmeter (i.e. <10%), a second shunt was added in 
series to increase the low end readings. The ratio between 
the Voltech reading and the Klikmeter reading is 0.S68 
and the pulse value has been scaled by this amount. 
Three Phase Inverter Output The voltage measurement for the Klikmeter is from the 
three-phase AC busbar, whilst the current measurement is 
supplied from a 100AlSA transformer, as shown in Figure 
3.10. Accuracy was poor due to the low Klikmeter output 
and two turns were added to the internal current 
transformer, reducing the Klikmeter range scale from 
100A to 33A. The ratio between the Voltech reading and 
the Klikmeter reading is 0.972. Consequently the pulse 
value has been scaled by this amount. 
5.2.2 Data Acquisition System 
The Micro1ink 3000 Data Acquisition system is sited in a 19" rack-mounted frame at the 
top of the data monitoring cabinet, as shown in Figure S.6. Within the frame there are (i) 
a 3301 control card sending and receiving data over a serial RS232 link to the Elonex 
PC400, (ii) two 3020 event counter modules providing sixteen channels (N.B. there is 
one spare channel) for the pulse output meters to transmit to, (iii) a multiport RS232 card 
providing up to eight serial ports, (iv) four 3011D switching relays. 
The WINDMILL (Windows for Microlink) software, is a modular range of programs 
running under Microsoft Wmdows, that either communicate with the Microlink hardware 
or are used for data acquisition and control. An initialising program (SetupIML) allows 
configuring of the channels that are being monitored (e.g. pulse value scaling factor, 
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Figure 5.6: Data Monitoring Rack Cabinet 
engineering units) . Four data communication programs (Analog!n, AnalogOut, DigitalIn, 
DigitalOut) communicate with the 3301 control card and pass the received data on to the 
utility programs. Three utility programs are resident in the software, with the Chart and 
Graphics programs being used for demonstration purposes only: 
Logger This allows up to 100 channels of analogue or digital data to be logged 
to a disk file or screen at user-determined time intervals, (currently one 
hour) . The main window displays the time of sampling and the logged 
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channels. 
This provides a chart recorder type display of up to eight input channels, 
with chart speed, signal range and chart colour all user-defined. 
This enables user-defined bit-map graphics, with superimposed real-time 
displays of system parameters to be displayed. 
Within Logger, hourly system data files are generated daily and downloaded into EXCEL 
for analysis, as shown in Figure 5.7 with the daily energy distribution for this particular 
day being illustrated in Figure 5.8. The energy imported from the grid between 10:00 and 
00:00 is either supplied directly to the helicopter hangar sited on the farm or to the wind 
turbines, for generator motoring, firing of the soft-start thyristors or warming current for 
the generator stator. The amount supplied, over a 24 hour period is estimated from the 
relationship between the energy output of the wind turbines and the energy imported 
from the grid, as shown in Figure 5.9. The estimated imported energy to the helicopter 
hangar and wind turbines, for the data file of Figure 5.7 is therefore 24kWh, whilst the 
imported energy supplied to the CEGS is 84kWh. 
Performance curves for the single and three-phase inverters are shown in Figures 5.10 
and 5.11 respectively. 
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5.2.3 Battery Monitor 
The Opalport BA319 Battery Analyser is also sited in a 19" rack-mounted frame, directly 
underneath the Microlink 3000 data acquisition system in the data monitoring cabinet, 
as shown in Figure 5.6. The full monitoring system consists of the battery analyser and 
two data gathering units housed in a wall-mounted cabinet in the battery room, as shown 
in Figure 5.12. The system data gatherer (SDG) monitors the overall battery voltage, 
charge/discharge current (using a Hall Effect transducer), and the ambient battery room 
temperature, whilst the cell data gatherer (CDG) monitors the cell voltages. Both data 
gathering units convert the signals received from analogue to digital, before transmitting 
the data to the battery analyser. Isolation of the battery analyser from the battery is 
provided by opto-isolaters within the data gatherers. 
Ba tte S 
ry lo,age 
Figure 5.12: Battery Bank 
Programmed into the analyser software is the set of discharge curves obtained from the 
battery manufacturer, which are used to compare the battery performance with its 
theoretical performance, in order to predict how the battery will continue to perform. To 
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allow for battery ageing a regular discharge test is required to obtain new discharge 
curves that can be programmed into the software. Full documentation of the battery 
discharge characteristics is available as a text file, as shown in Figure 5.13. 
"Site: ",WEST BEACON FARM, LOUGHBOROUGH, 
"Battery Make: ",TUDOR, 
"Monobloctype: ",lOOPZSIOOO. 
"Last Monobloctype: tI,lOOPZSIOOO, 
"Nominal float Voltage: ",2.270, 
"No: of Mo noblocsl String: ",53, 
"No: Strings: ",I. 
"Cell Capacity (Ab): ",\055.599, 
"Battery Capacity (Ab): ",1055.599, 
"Low Cell Volts (1) At (V) ",2,000, 
"Low Cell Volts (2) At (V) ",1.899, 
"Low Cell Volts (3) At M ",1.600, 
"High Cell Volts (I) At (V) ",2.500, 
"High Cell Volts (2) At M ",2.549, 
"High Cell Volts (3) At (V) ",2.799, 
"Discharge Started ..... 94:0S:06" ... Time 10:27:17", 
"Discharge Ended","94:05:06","Time 15:11:09", 
"Ahrstaken ",489.160, 
"Power Taken rN) ",49574.000, 
"Est Ahrs Remaining" ,398.639, 
"Est. Power Remaining (W) ",40877.000, 
"Est. Capacity Remaining % ",37.764, 
"Batt. Performance Index ",74.4.57, 
"Average End Cell Voltage ",1.934, 
"Min End Cell Voltage ",1.612, 
"Max End Cell Voltage ",1.989. 
"Average Current (A) ",99.527, 
"Total ",17, 
"Average Volts ",2.138, 
"Current Drawn (A) ",38.857, 
"Time 10:27:18", 
2.169,2.202,2.178,2.187, 2.160, 2.178, 2.166, 2.197, 
2.175,2.180, 2.150, 2.159, 2.157, 2.153, 2.151, 2.152, 
2.150,2.136, 2.183, 2.186, 2.189, 2.178, 2.182, 2.185, 
2.180, 2.195, 2.167, 2.191, 2.174, 2.190, 2.194, ,2.167, 
2.169, 2.153, 2.148, 2.098, 2.162, 2.137, 2.137, 2.102, 
2.182,2.181,2.185,2.177, 2.167, 2.111, 2.182, 2.177, 
2.176, 2.181, 2.188, 2.178, 2.193 
Figure 5.13: Battery Analyser Output Text File 
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5.3 BATTERY TEST 
To determine the battery capacity, a constant current discharge test was carried out on 
5 May 1994. The removal of two cells, due to very low specific gravity readings, several 
weeks before the test, reduced the battery to 53 series-connected cells. 
Before the test it was necessary to bring the battery to its highest capacity state, so that 
the discharge test gave a true representation of the available capacity remaining in the 
battery. To ensure good conductivity to the battery bank, all the cell terminals and 
connections were dismantled, cleaned and smeared with low oxidisation grease. On the 
day before the test, the battery charging voltage was raised to 143V (2.7V I cell), in an 
attempt to breakdown the lead sulphate on the plates, and then put on to a float charge 
. of 127V (2.4V I cell) until the test began. 
F or the discharge test a 200V 150A load frame was connected to the battery and the 
discharge current set to a constant 100A (i.e. CI0 rate). During the test, whenever the 
mean cell voltage fell by 20m V all the cell voltages were logged. Initially this occurred 
in rapid succession, as the cell voltage fell from 2.13V to 1.97V within the first three 
minutes of the test, as shown in Figure 5.14. After this it decreased at a reduced rate until 
the test was stopped at a battery voltage of98V (1.85V/cell), and at this point 489Ah had 
been discharged from the battery in about five hours. An estimated 399Ah still remained 
in the battery, which if the same discharge current had been maintained, would have 
taken about four hours to be discharged. Consequently the battery capacity was estimated 
to be 888Ah at C9, which is 85% of the nominal battery capacity at C9 (I045Ah) as 
determined from Table 5.2 [Tudor 1987]. 
The measured discharge curve (in Figure 5.14), clearly shows low normalized voltage 
values and it is generally expected that the normalized voltage will fall below unity after 
a few hours [van Dijk 1995]. During the test, this event occurs very rapidly indicating 
a possible short circuit in at least one of the cells, also the rate of change of voltage with 
DOD is fairly high suggesting a sizable reduction in battery capacity. 
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Cells 36 and 46 failed the test, with cells I, 5 and 22 indicating possible failure, as shown 
in Figure 5.15. The failed cells were replaced by two new cells, with an extra two cells 
being added to bring the battery back to 55 cells. The low voltage on cell 27 is 
exaggerated due to the voltage drop, of about 0.5V, across the interconnecting banks of 
cells. 
Table 5.2: Tudor-Sonnak Battery Discharge Data 
Discharge Rate C24 CIO CS CS Cl 
Nominal Voltage 2 2 2 2 2 
End Voltage 1.83 1.83 1.82 1.81 1.75 
Current 52.6 106.0 128.8 190.6 535.0 
Ah 1260 1060 1030 953 535 
The frequency distribution for the cell voltages at the start and end of the test shown in 
Figures 5.16 and 5.17 illustrate the change in voltage spread due to the test, while Figures 
5.18 and 5.19 give the cell voltage performance characteristics for the Solar Powr 
Battery. In the following months several other cells also failed and this led to the system 
modifications described in Chapter Three. 
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Figure 5.14: Mean Cell Voltage during Battery Discharge Test 
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Figure 5.15: Cell VoJtages during Battery Discharge Test 
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Figure 5.16: Cell Voltage Frequency Distribution at start of Discharge Test 
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Figure 5.17: Cell Voltage Frequency Distribution at end of Discharge Test 
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Figure 5.18: Solar Powr Battery Cell Voltages 
§: 
~ 
l 
• ~ 
~ 
~ 
100 -----------------------------------------------------. 
~ ----------------------------------------------------_. 
70 
.0 
50 
40 
" 
20 
10 
-----------------------------------------~~--------
1.J25 1.J75 1.425 1.475 1.525 1.S75 1.625 1.675 1.725 1.775 1.825 1.875 1.925 1.975 2.025 2.075 2.125 -2.175 2.225 
CeI! Voltage (V) 
Figure 5.19: Solar Powr Battery Cell Voltage Frequency Distribution 
116 
Chapter Six 
CHAPTER SIX 
MODEL VALIDATION 
6.1 MODEL VALIDATION 
To give confidence to the predictions, comparisons and results of the computer model, 
a validation procedure has been undertaken. As, at the time of writing, the change to 
sac control has not occurred, data from the present system is used. A problem 
associated with this is that the model uses a sac control strategy, whilst the CEGS uses 
a voltage control strategy. 
It has always been the intention that the computer model should be able to calculate the 
long-term performance of the CEGS using an hour time step and by definition, with the 
energy generation and distribution assumed to be constant for this period. It is apparent 
from analysing the monitored data that, where switching of the CHP is controlled by the 
instantaneous DC voltage value, it operates for several indefinite periods during an hour 
. as illustrated in Figure 6.1. This means that the voltage control strategy uses a more 
dynamic switching policy for the CHP than the model. This in turn affects the calculation 
of the simulated energy distribution for that hour, which is reflected in the results 
obtained for the validation procedure. This problem does not affect the energy generated 
by the wind turbines and the energy.transfer with the grid, as they are independent of the 
CHP operation. The same is true to a certain extent for the PV array, where the output 
is governed by the load demand and the battery SOC. 
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Figure 6.1: Estimated CHP Run Time 
6.1.1 Solar Energy 
A comparison of the modelled and monitored solar energy between 1 and 7 January 1995 
is shown in Figures 6.2 and 6.3, and between 1 and 7 July 1995 in Figures 6.4 and 6.5, 
these being the time periods when the PV array output is at or near its minimum and 
maximum values. 
The assumption of identical solar irradiance between the two sites appears to be 
justifiable, as the correlation coefficients for the modelled and monitored PV energy 
output for the two time periods are 0.95 and 0.88 respectively. 
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Figure 6.3: PV Array Scatter Diagram 1 January - 7 January 1995 
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Figure 6.4: PV Array Electrical Energy Generated 1 July - 7 July 1995 
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Figure 6.5: PV Array Scatter Diagram 1 July - 7 July 1995 
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A comparison between the modelled and the mean monitored PV array annual energy 
output is shown in Table 6.1. 
Table 6.1: PV Array Annual Energy Output 
Year 1991 1992 1993 1994 Mean Model Error 
kWh kWh kWh kWh kWh kWh % 
PV Array Output 3492 3752 3509 4003 3689 3574 -3.11 
6.1.2 Wind Energy 
Comparison between the modelled wind energy, using the derived method for calculating 
the wind speed at WBF and the monitored wind energy is shown in Figures 6.6 and 6.7. 
A similar comparison using the empirical method, that directly uses the wind speed at 
Sutton Bonington, is shown in Figures 6.8 and 6.9. The empirical method has a 
correlation coefficient of 0.84, slightly higher than the 0.82 of the previous method. 
Whichever method is used close correlation is obtained, apart from several days (19 - 23 
January) where SOMES calculates an energy production well in excess of the monitored 
result. The empirical method reduces the size of the error, but it still remains a significant 
amount. All the meteorological data is unvalidated and it is supposed that, for those 
particular periods, there are inaccuracies associated with the original wind speed data 
file. If a comparison is made between the SOMES figure for the daily wind energy, and 
that obtained from the data acquisition unit and the manual data reading, the significant 
differences for these days appear, as seen in Figure 6.10, again suggesting a problem in 
the original wind speed datafile. It is known that for particular wind directions the Sutton 
Bonington meteorological station is affected by nearby obstacles. 
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Figure 6.10: Comparisou Of Electrical Energy Generated By The Wind Turbines 
A comparison between the modelled wind energy production and the mean monitored 
wind energy generated for 1991 - 1994 is shown in Table 6.2. Given the lack of wind 
speed data at WBF, and the need to correlate the wind speed from Sutton Bonington, the 
errors obtained in both the correlation method and the empirical method are well within 
an acceptable tolerance band, 
Table 6.2: Annual Wind Energy Generated 
Year 1991 1992 1993 1994 Mean Correlation Error Empirical Error 
kWh kWh kWh kWb Method % Method % 
Wind Energy 52927 55344 51825 58134 54558 53855 ·1.29 55487 +1.70 
The wind speed correlation uses one years data, and due to the variability of the wind it 
is recommended that at least ten years data is used in assessing the wind speed regime 
[Gipe 1993]. 
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6.1.3 Combined Heat and Power Unit 
In a SOC control, the CHP is called to run when the battery SOC reaches a 
predetermined low threshold and it will continue to run until the maximum SOC 
threshold is reached. From analysing the simulation output plot files, it is evident that the 
CHP will generally not be called to run until about 17:00 - 19:00 on most days and that 
it will then run until it is switched offby the change over to the off-peak tariff period at 
00:30. It is apparent from Figure 6.11 that, as a result of the voltage control strategy, the 
CHP runs for an indefinite period( s) ofless than one hour. Consequently some means is 
required to simulate this operation. 
LEGEND 
-- Mockllod Moniton:d 
Figure 6.11: CHP Electrical Energy Generated 
Within the hour the load demand is met by the sum of the battery, PV and CHP outputs. 
The control strategy has therefore been modified, so that when there is a requirement for 
the CHP to run within the hour, or for it to continue running at the start of the next hour, 
energy is first extracted from the battery. In this way the CHP will only deliver the 
balance required for the remainder of that hour and will therefore not run for the full hour 
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as in the sac control strategy. The effect ofthis is shown in Figure 6.11, where large 
swings in the monitored energy generated are observed as loads are switched on and off 
within the hour. Correlation between the two sets of data is consequently low, with a 
correlation coefficient of only 0.64. Greater correlation is possible if the time step of the 
model is reduced to a value smaller than that of the typical ClIP run time, though data 
required for such a time step (i.e. < 10 minutes) is presently unavailable. 
6.1.4 Grid 
Energy exported to the grid is totally dependent on the wind energy generated during the 
peak tariff period, whilst during the off-peak tariff period it is also dependent on the 
amount of energy required by the CEGS (which in turn is dependent on the load demand 
and the battery SOC). Closer correlation between the model and the measurements is 
therefore observed during the off-peak tariff period than during the peak tariff period, as 
illustrated in Figure 6.12. For the time period selected, overall correlation between the 
two sets of data is reasonable, with a correlation coefficient of 0.87 . 
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Figure 6.12: Electrical Energy Exported To The Grid 
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Within the model, energy is only imported from the grid to the CEGS during the off-peak 
tariff period, whilst from the monitored data it is apparent that a small amount of energy 
is imported during the peak tariff period, as illustrated in Figure 6.13. This energy is used 
elsewhere on the farm and is not supplied to the CEGS. 
The imported energy is dependent on both the wind energy generated, and the energy 
required by the CEGS, which in turn is dependent on the load demand and the battery 
SOC. Correlation between the two sets of data is reasonable with a correlation coefficient 
of 0.88. 
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Figure 6.13: Electrical Energy Imported From The Grid 
6.1.5 Battery Charger 
The energy supplied to the battery charger is from either the CHP, the wind turbines or 
the grid, dependent on the time of day. Closest correlation is observed during the off-
peak tariff periods when the energy supply is from either the wind turbines or the grid 
as shown in Figure 6.14. During the peak tariff period the energy input to the battery 
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charger is from the CHP and, as discussed in section 6.1.3, is dependent on the load 
demand and the battery SOC. Consequently correlation between the two sets of data is 
affected once again by the switching of the CHP, and this is reflected in the Iow 
correlation coefficient of 0.64. 
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Figure 6.14: Electrical Energy Supplied To The Battery Charger 
6.1.6 Battery 
Correlation for battery charging is poor, as illustrated in Figure 6.15 and by the 
correlation coefficient of 0.18. During the off-peak tariff period the battery is charged 
from either the wind turbines or the grid, whilst during the peak tariff period it is charged 
from the CHP (and also the PV array in the summer). The capping of the charge at 5kWh, 
as observed in Figure 6.15 for the model results, is due to the SOC that the battery is 
allowed to reach before the CHP starts. The most accurate validation results are obtained 
if the differential between minimum and maximum SOC is minimal, and this is set to 5%. 
In other words when the battery SOC falls to 95% the CHP starts and when it reaches 
100% the CHP stops. The battery capacity is set to 119kWh (as determined by the battery 
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discharge test), which is 85% of the nominal capacity of 139kWh. Though this increases 
the accuracy of simulating the CHP switching points and the subsequent energy 
generated, it has an adverse effect on the accuracy of the battery charging cycle, (i.e. to 
simulate the hourly operation of the CHP, the battery is held at a relatively high SOC. If 
the switching point for the CHP is lowered, the battery is discharged more, the time at 
which it starts is delayed by up to several hours and the initial energy drawn from the 
CHP is consequently increased, with the result that the correlation becomes even worse.) 
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Figure 6.15: Electrical Energy Used For Battery Charging 
During the peak tariff period the energy discharged from the battery is dependent on the 
load demand and the PV array output, and it is therefore not directly affected by the CHP 
switching. Consequently improved correlation is observed for the battery discharge, as 
illustrated in Figure 6.16 and the correlation coefficient of 0.63. 
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Figure 6.16: Electrical Energy Discharged From The Battery 
6.2 CONCLUSION 
The aim of the model development is to provide an effective tool for long term system 
performance, which takes proper account of the detail of system operation and control. 
Results from the validation exercise presented in this chapter support the contention that 
such a model has been created. Despite the time step limitations and the difficulty 
associated in validating a sac controlled model against a voltage controlled model, the 
daily average energy flows are in fact reasonably well represented. This gives confidence 
in the predictive results for the long term performance of the CEGS, as modelled in its 
present configuration, and also for any other configurations that are modelled. 
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CHAPTER SEVEN 
RESULTS 
7.1 SOMES OUTPUT FILE 
The results of a simulation run are available as a four page ASCII text file, that can either 
be accessed directly in SOl\1ES or through an external text editor, see Figure 7.1. The 
first page is a summary of the system configuration, showing both the individual 
components and the selected control strategy. The second page gives the calculated 
energy distribution for the simulation period. The third page presents performance 
characteristics of each of the system components, whilst the final page provides a 
statistical analysis of the meteorological data and a calculation of the generating cost. 
The simulation is based on a SOC control strategy and, to enable the output results to be 
validated against output data from the data acquisition system, the modified CEGS with 
the new battery and battery charger has been used. Each of the four pages of the output 
text file are now discussed. 
7.1.1 Input Data 
The hourly load demand, solar irradiance, air temperature and wind speed input files are 
given on this page. The AC load factor is a means of enabling the hourly load demand 
datafile to be scaled if required. As the datafile used, valload.ld, is made up of validated 
hourly load data there is no requirement for data scaling and the load factor has been set 
to 1. Due to the empirical correlation method used in deriving the wind speed datafile, the 
measuring height was assumed to be the same as that of the wind turbine (i.e. 24 m), 
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WEST BEACON FARM 
INPUT DATA ---------------------------------LSOC60--Run nr. 001 pag. 1(4) 
LOAD ------------------- METED FILES ------------ SYSTEM CONTROL -------.--
Load file 
AC load 
Sheddable 
VALLOAD.LD 
Factor 1.00 
0.00 kw 
Irradiation SUTBON95. SOL 
SE, 52N, 0 LocTime) 
Wind speed SUTBON95.WND 
(Meas. height 24 m) 
Amb. temp SUTBON90.AMB 
PV: direct coupling 
Bat: sac min 60% maxlOO% 
CHP Load following 
(battery present) 
MPPT: not present 
inverter: on 0% r.o.p. 
FINANCIAL DATA ---.-------------------------------- rectifier: on 0% r.o.p. 
Interest view time 20 year(s) 
PV ARRAY --------------- WIND TURBINE ----------- CHP ---------------------
DC Power 
Type 
6.0 kWp 
SOLAREX/ARCO 
Losses 30t Albedo 0.2 
Tilt 30 0 Orient 16 0 
Fuentes temperature mod. 
Height 3 m INOCT 44 GC 
BATTERY ----------------
Capacity 184.0 kWh 
Type SEC 
Shepherd model Yes 
Bat. temp. is calculated 
AC Power 25.0 kW AC Power 15.0 kW 
TOTEM Type 
Number 2 
CWS25C 
Outage 3\ 
Response time 1 s 
Fluct. within hour No 
Roughnesslength 0.03 m 
Type 
Number 1 Outage 1\ 
Fuel price Pnd 0 . 02 
Fuel price rise 1%/y 
GRID ----------- INVERTER ------- RECTIFIER ------
Power1 48.6 kW Import/Export Power1 24.0 kw 
Type1 PSI Typel PSI 
############################################################################### 
--- ENERGYPERFQRMANCB-------------------------LSOC60--Run nr. 001 pag. 2(4) 
ENERGY PRODUCTION -----------kWh----\ DEMAND------------------------kWh----% 
Total 79411. 0 100 Total demand (AC) 22473.3 100 
PV (DC) 3574.2 5 Basic load 22473.3 100 
Wind (AC) 55486.5 70 Shedded load 0.0 0 
CHP (AC) 990.0 1 - Shortage 0.0 0 
Grid (AC) 19360.3 24 
DESTINATION-----------------kWh----% COVERAGE OF BASIC LOAD -------kWh----% 
Basic load (AC) 22473.3 28 PV (directly) 2860.4 13 
To Grid (AC) 46511.1 59 - Wind (AC converted) 4496.4 20 
Unused (total) 321.6 0 - CHP (AC converted) 128.9 1 
Inv. + Rect. losses 5651. 3 7 Battery (directly) 12096.7 54 
Battery losses 4521.6 6 Grid (AC converted) 7265.6 32 
BATTERY ---------------------kWh----\ CONVERTERS ----Input kWh----OutputkWh 
Input 16550.4 100 
PV (directly) 392.2 2 
Wind (AC converted) 4047.5 24 
CHP (AC converted) 828.9 5 
Grid (AC converted) 11281.7 68 
Output 12096.7 73 
MPPT 0.0 0.0 
Inverter 1 
Inverter 2 
Rectifier 1 
26848.0 
0.0 
29325.7 
22473.3 
0.0 
28049.0 
UNUSED ----------------------kWh----% SIMULATION---------------------------
- PV 321.6 100 Duration 365 nays 
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--- EXTENDIIDPERFORMANCBDATA ------------------LSOC60---Run nr. 001 pag. 3(4) 
SHORTAGE DATA -----------
Total of 0 Hours 
Total of 
Max period 
Max short 
o Periods 
o 
0.0 
Hours 
kw 
PV ARRAY ----------------
Operational 4565 Hra 
Capacity factor 6.8 % 
Max output 3.6 kW 
Max. temperature 0 'c 
Array eff. 5.5 % 
BATTERY -----------------
Operational 
Storage cycles 
5263 Hra 
66 
Ave. efficiency 73 % 
Ave. temperature 11 'c 
sac min 60% max 100 % 
SOC < 65% during 98 Hr. 
SOC > 95% during 4569 Hr. 
Min. charge eff. 84 % 
Min discharge eff. 56 % 
SHEDDABLE LOAD ----------- TO GRID --------------
Operational 0 Hra Operational 6621 Hra 
Max shedded 0.0 kw FROM GRID ------------
Operational 2139 Hra 
WIND TURBINE ------------- CHP -----------------
Operational 8760 Hra Operational 66 Hra 
Capacity factor 12.7 % Cap. factor 0.8 % 
Max output 40.0 kW Max output 15.0 kW 
Fuel use 4.5 MWh 
CHP eft 21.9 t 
Nr. of starts 30 
CONVERTER OPERATION ---Hra SYSTEM PERFORMANCE ---
MPPT 0 Reference yield 2.95 
Inverter l. 8760 Array yield 1.63 
Inverter 2 0 Final yield 1.02 
Rectifier 1 2621 Perf. ratio 0.34 
Rectifier 2 0 Plant eff. (%) 3.4 
############################################################################### 
--- HOURLY INPUT DATA AND ECONOMIC PERFORMANCE -LSOC60--- Run nr. 001 pag. 4 (4) 
HOURLY INPUT DATA ----MIN---AVE--MAX-DAYS------------------MIN---AVE--MAX-DAYS-
Array plane irrad. 0 122.8 1096 365 PV output MPP 0 0.7 6 365 
Wind speed hub height 0 2.8 11 365 Wind turbo out. 0 6.5 41 365 
Ambient temperature -5 10.5 31 365 Load (kW) 0 2.6 10 365 
ENERGY DELIVERED TO THE GRID --------------------------------------------------
Tariff Value Comments 
NFFO 0.12 NFFO contract until 1998 
To grid (kWh) 
46511.1 
ECONOMIC PERFORMANCE ON YEARLY BASIS --- -- - - ELECTRICITY COSTS: 0.80 pnd/kWh- --
Component Investment Inv. costs O&M-costs Fuel-costs Total costs 
PV generator 20000 1472 200 0 1672 
Wind turbine 60000 4415 1002 0 5417 
CHP 15000 1104 450 645 2199 
From Grid 0 0 0 0 581 
To Grid 0 0 0 0 -5581 
Battery 16869 1517 506 0 2023 
Converters 32640 2402 0 0 2402 
Additional costs 127000 9345 0 0 9345 
TOTAL 271509 20254 2158 645 18056 
These results are created with SOMES subversion C 
Figure 7.1: SOMES Text Output File 
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otherwise the wind speed would have been adjusted using the logarithmic scaling 
relationship shown in Equation 4.29. 
With no MPPT installed the PV array is directly coupled to the battery and, to ensure that 
the battery does not become excessively overcharged or too deeply discharged, all the 
simulation runs have used a high level SOC cut-out of the CHP of 100% and a low level 
cut-in of 60%. The ClIP is said to be load following, in that it will initially supply the 
load demand with, if required, any surplus energy being supplied to the battery. The 
inverter and rectifier are both assumed to consume power, even when there is no load on 
the output side. 
The real interest rate used is the difference between the nominal interest rate and the 
inflation rate. It is typically assumed to be 4% per annum for long-term investments in 
the energy sector in industrialised countries and 8% per annum for developing countries 
[Hi11e et al1995]. The view time of20 years corresponds to the expected lifetime of the 
PV array and the wind turbines. 
The values used for the PV array losses and the albedo are those given in section 4.2.1. 
The tilt angle of the PV array is 30° to the horizontal (and not altered during the year), 
whilst the orientation (azimuth) is 16° south-east. For calculation of the module 
temperature, the mean height of the PV array was measured as 3m, and the installed 
normal operating cell temperature (!NOCT) was set to 44°C. 
The 3% outage for the wind turbines is based on recorded outage data for the repair and 
maintenance of both machines. The values for the response time, fluctuations and 
roughness length all follow recommendations detailed in the SOMES user manual. 
As mentioned previously, only the 15kW electrical output of the CHP is included in the 
model and the corresponding outage value is derived from recorded outage data. The fuel 
price is expressed in £/kWh, with the increase in the fuel price estimated to be 1 % per 
annum. 
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The new SEC battery capacity is shown as 184 kWh (i.e. 1537Ah at 120V), and the 
Shepherd model [Shepherd 1965] is used to calculate the battery charge and discharge 
efficiencies. 
As the system is grid-connected, the ability for energy transfer to and from the grid is 
shown and the maximum input power of both the inverter and rectifier are listed. 
7.1.2 Energy Performance 
The modified energy production figures consider the autonomous and grid-connected 
operation of the CEGS and therefore show both the CHP energy production and the 
energy imported from the grid. The total demand of the CEGS is the inverter output, and 
this is termed the basic load. Due to the operating strategy of the CEGS and the simulated 
conditions, there is no requirement for load shedding and no shortage will exist. 
Of the 7941lkWh generated, 22473kWh are used to supply the basic load, and 
46511 kWh are exported directly to the grid from the wind turbines. Due to the 
assumption that the PV array output is constant throughout a time step, there is 322kWh 
over-production of solar energy. This occurs when the PV array output exceeds the load 
demand, and the battery is at a full state of charge and cannot accept further charge. In 
a real system this excess energy would not be generated, as the PV array, like any 
generator, will generate only what is required to satisfY the load demand. 
The inverter and rectifier losses are the difference between the input power and the 
output power of the two converters, whilst the battery losses include not only the input 
and output energies but also the initial and final battery capacities as shown below 
Battery Losses • Energy Input - Energy Output • Initial Capacity - Final Capacity 
• 16550.4 - 12096.7 • 184 - 116 
• 4521.6 kWh 
. The coverage of the basic load, as illustrated in Figure 7.2, shows values for the wind 
turbines, grid and CHP which are the DC equivalent of the AC energy supplied by these 
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generating sources. As DC sources, the PV and battery values do not incur any 
conversion losses. This section of the program has been modified to account for the five 
energy sources that contribute towards the inverter input demand. 
W Solar m Wind 
Figure 7.2: Coverage of Basic Load 
LEGEND 
• CHP o Grid o .,."" 
The largest energy contribution is from the battery, which as Figure 7.3 shows is supplied 
from four different energy sources. As in Figure 7.2, the wind, grid and CHP values take 
into account the battery charger conversion losses, whilst the solar value is a direct DC 
supply. A parameter that is not shown in the output text file is the watt-hour efficiency 
of the battery, which is a measure of the ability of the battery to return the energy that it 
has received, and is the quotient of the battery input and output energy. From the model 
output the watt-hour efficiency is calculated as 73%, which is typical for a lead-acid 
battery [Vinal 1955]. The simulated annual energy distribution is shown in Figure 7.4, 
where all figures are in kWh. 
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Figure 7.3: Battery Energy Input 
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Figure 7.4: Calculated Energy Distribution 
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The simulated hourly energy values are available in the plot file shown in Figure 7.5. Of 
particular interest is the variation in the battery SOC (BatSOC) which at the end of the 
first day, has fallen to 1l3.2kWh, before the seven hour off-peak charging period raises 
it up to 183.9kWh (i.e. full capacity). The ~HP is only required to run at the end of the 
first day when the battery SOC has reached the low level cut in. The meteorological data 
is in the four right hand columns, where IRRHOR represents the irradiance measured on 
the horizontal plane and lRRARR that calculated as incident on the array, whilst 
WDSPMH and WDSPIllI are respectively the wind speeds at the measuring height and 
the hub height. Because of the empirical correlation method used these two values are 
the same, whereas normally they would be different. 
7.1.3 Extended Performance Data 
The operational hours for energy transfer to and from the grid are shown and when these 
are divided into their respective energy totals the mean energy transfer per hour is 
obtained. For energy transfer to the grid this figure is about 7kWhlh, whilst from the grid 
it is about 9kWhlh. In other words, for each hour that energy is imported from the grid, 
the mean energy import is 9kWh. 
The maximum power output from the PV array is less than would be expected as, during 
the summer months, readings of 40A (about 4. 5 kW) were obtained for the instantaneous 
PV array output current. On-site solar irradiance measurements would provide more 
accurate and reliable measurements than is presently available, as the values obtained 
from Sutton Bonington are unvalidated and a source of possible error. The maximum 
power output from a PV array is dependent on the manner in which the system is 
operated. For instance, if the PV array output is able to meet the load demand and the 
battery is fully charged, any excess solar energy is superfluous and is simply wasted. 
Consequently, the PV array output depends not only on the available solar irradiance, but 
also on the consumption behaviour of the user. 
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• Run Number: I 
SOrgSomes 
SNOM 
10.4 6.0 50.0· 184.0· , . 
,Do' 
SHOUR LOAD ARRAY WIND BATIN' BATOUT BatSOC FRMGRID TOGRID 
1.0 0.0 4.5 0.0 0.0 184.0 0.0 2.6 
2 5.1 
3 5.8 
4 5.6 
5 6.1 
6 7.4 
7 7.4 
6.5 
• 1.5 
10 2.1 
11 1.4 
12 12 
13 2.0 
14 lA 
15 2.0 
16 1.7 
17 4.9 
18 5.1 
19 6.5 
'" 3.5 
21 2.2 
21 2.5 
23 1.4 
24 1.9 
2S U 
26 >J 
21 6.1 
28 5.5 
29 63 
30 . 6.6 
31 1.1 
32 5.8 
33 2.4 
34 2.4 
" 27 
36 1.1 
37 2.0 
38 lD 
39 1.2 
'" O. 
41 1.6 
42 1.1 
43 1.1 
44 .. 
" .. 
0.0 3.7 0.0 
0.0 0.7 0.0 
0.0 0.5 0.0 
0.0 1.0 0.0 
0.0 0.9 0.0 
0.0 1,0 0.0 
0.0 1.4 0.0 
0.1 1.2 0.0 
0.5 6.5 0.0 
1.1 9,1 0.0 
1.1 6.5 0.0 
0.1 4.1 0.0 
0.4 4.1 IJ.O 
0.3' 7.0 0.0 
0.1 4.1 0.0 
0.0 8.1 0.0 
0.0 6.5 0.0 
0.0 4.5 0.0 
0.0 6.0 0.0 
0.0 6.5 0.0 
0.0 8.1 0.0 
0.0 8.6 0.0 
0.0 9.7 12.2. 
0.0 8.1 28.2 
0.0 11.0 21.0 
0.0 8.6 14.2 
0.0 6.0 ',5.5 
0.0 3.1 1.9 
0.0 4.5 0.6 
0.0 19 0.2 
0.0 1.4 0.0 
0.0 2.0 0.0 
0.5 2.3 0.0 
1.1 4.1 0.0 
1.5 1.0 0.0 
1.6 6.j 0.0 
1.4 7.0 0.1 
0.8 3.3 0.0 
0.1 0.9 0.0 
0.0 0.9 0.0 
0.0 1.0 0.0 
0.0 0.5 0.0 
0.0 0.5 0.0 
0.0 0.6 0.0 
0.0 184.0 
0.0 184.0 
0.0 1&4.0 
0.0 184.0 
0.0 184.0 
0.0 184.0 
7.4 184.0 
1.9 175.6 
10 173.6 
0.7 171.3 
U 170.5 
2.3 168.9 
1.4 166.3 
11 164.7 
2.0 162.2 
5.7 159.9 
6.5 IS2.6 
1.4 141.4 
4.0 131.3 
11 125.4 
3.0 121.2 
1.8 116.1 
1.7 113.2 
0.0 121.9 
0.0 145.7 
0.0 163.8 
0.0 176.1 
0.0 181.3 
0.0 183.1 
0.0 183.7 
6.6 183.9 
2.9 176.6 
2.3 173.5 
2.1 170.9 
0.7 168.6 
0.9 167.9 
0.0 166.9 
0.8 167.0 
l.I 166.1 
2.0 164.9 
1.5 162.6 
11 16O.B 
10 158.4 
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Chapter Seven 
During cloudy weather, with the CEGS operating in its autonomous mode, energy should 
be saved and less important consumption needs should be postponed to more sunny days. 
This ensures maximum exploitation of the available solar energy, and increases the 
battery lifetime by preventing damaging deep. discharge [Hille et al1995]. The values for 
capacity factor and array efficiency are about as expected for an array of this age 
[Ra1nnan et al1990], and the energy generated per operational hour is 0.78kWhlh. 
The operational hours for the wind turbines suggests that they are operational 
continuously through the year, and investigation of the wind speed datafile indicates a 
wind speed, however small, for every hour of the year. This inaccuracy arises from the 
correlation method used and, as mentioned previously, could be corrected if on-site 
weather data was available. The capacity factor is as expected for this site, where the 
mean wind speed of 2.8m!s is relatively low compared with many other wind turbine 
sites. 
By adopting the SOC control strategy, the number of hours for which the CHP is 
required has fallen dramatically. In 1994 the operational hours were recorded as 1091, 
whereas the simulation run predicts that this figure will fall to 66 hours, emphasising 
again the increase in energy transfer with the battery. The simulated run time figure is 
also low because of the dual mode operating strategy (i.e. if the CEGS was purely 
autonomous it would be higher). The CHP efficiency of 21.9% is comparable with 
typical petrol engine efficiencies [O'Callaghan 1993]. 
The final battery capacity of 116kWh at the end of the simulation run is for the hour 
between 23:00 and 00:00 on December 31. To provide a comparison of the capacity 
between the start and finish of the simulation run, the capacity after it has been charged 
at 08:00 on the December 31 is 184kWh. Thus, during the first year of operation using 
the SOC control strategy, there is no obvious degradation of the battery capacity. It 
would be valuable for further research, to modify the model so that it could simulate 
multiple years (e.g. 5 or 10 years), to enable the effect of both operation and ageing to 
be investigated on both the battery and the CEGS as a whole. The battery operates for 
140 
Chapter Seven 
periods of time above and below two sac levels and, if these are taken as a fraction of 
the total battery operational hours, the model indicates that the battery will operate at the 
sac levels shown in Figure 7.6. 
LEGEND 
El SOC<6S% [] 6S%<=SOC<-9S% [] 95%<SOC 
Figure 7.6: Battery SOC Operating Hours 
The reference yield value indicates that it will take 2.95 hours for the PV array, operating 
at STC, to generate the same energy as the simulated daily PV array energy output. The 
array yield value of 1.63 hours accounts for losses within the PV array, whilst the final 
yield value of 1.02 hours accounts for system losses. The array and final yield values are 
lower than expected, indicating possible under utilisation of the solar energy and/or high 
losses. 
7.1.4 Hourly Input Data and Economic Performance 
The hourly input data provides a basic statistical analysis of the input datafiles, and this 
is followed by a basic summary of the energy sold to the grid under the NFFa contract. 
The CEGS economic performance is dependent on the financial data that is input into the 
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model and this must be borne in mind when evaluating the resultant generating cost and 
making a comparison with other hybrid systems. The generating cost for the CEGS 
configuration investigated is £0.80 IkWh and this is obtained by dividing the total cost 
(£18056) by the load demand (22473.3 kWh). 
7.2 EXISTING CEGS ANALYSIS 
This section discusses how changes in component size, configuration or operating 
strategy will affect the perfonnance of the CEGS and considers the results obtained from 
the inherent optimization routine within SOMES. 
The scaling of the axis in all the graphs in this section are the same as in the 
corresponding graphs in sections 7.3 and 7.4, to allow easier comparisons to be made 
between the three different control strategies. 
7.2.1 Battery Series 
A simulation run can be perfonned when the size of one of the components is increased 
from an initial value to a final value in fixed steps. To illustrate this, the effect of varying 
the battery capacity on the four generating sources is shown in Figure 7.7. As the load 
demand will remain constant, the ratio of the load demand to the battery capacity 
decreases as the battery capacity increases. Therefore, assuming a constant CHP cut-in 
level, the requirement for the CHP to provide back-up energy during the peak tariff 
period decreases, until the point is reached at 250 kWh, where there is no requirement 
at all. In other words, as the battery capacity increases it can supply more of the load 
demand without the CHP having to run. However, up to 200kWh there is still a 
requirement to charge the battery during the off-peak period. This is provided by a 
combination of the wind turbines and the grid, as shown by the increase in their 
respective curves up to 200kWh. The PV array energy output increases slightly, as the 
increased battery capacity absorbs more of the solar energy. 
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Figure 7.7: Varyiug Battery Capacity 
The generating cost curve steadily rises up to a battery size of 200 kWh and then falls to 
its minimum value at 250kWh (£0.74IkWh), at which point the CHP is never required 
to run. The energy generated from the wind turbines and the grid supply level out as the 
battery capacity continues to rise above 250kWh. At the same time the generating cost 
starts to increase linearly due to the increased capital cost of the larger batteries. Clearly 
there is no economical benefit in having a battery above 250 kWh, and the generating 
cost at this capacity is £0.06IkWh cheaper than that of the existing CEGS configuration. 
The energy delivered to the CEGS is divided between the load demand and battery 
charging, as shown in Figures 7.8 and 7.9 for each of the four energy generating sources. 
In supplying the load demand, an increased battery discharge compensates for the 
reduction in CHP output as the battery capacity increases, and the extra energy required 
during the off-peak period is shared between the wind turbines and the grid. As before 
all the curves level out at a battery capacity of250kWh. 
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Figure 7.8: Load Demand Energy Supply 
As the battery capacity increases a greater part of the energy supplied to the CEGS from 
the grid is used for battery charging as shown in Figure 7.9, whilst about an equal 
proportion of the wind energy is used in supplying the load demand and battery charging. 
The greater part of the PV array output goes towards supplying the load demand, whilst 
the greater part of the CHP output is used to supply the battery 
The effect on the generating cost of varying the PV array nominal capacity whilst the 
battery capacity increases in size is shown in Figure 7.10. The generating cost curve for 
each PV array capacity displays the same characteristics as the generating cost curve in 
Figure 7.7, with the minimum generating cost for each PV array occurring at a battery 
capacity of250kWh. 
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7.2.2 Photovoltaic Array Series 
The effect on the energy distribution of varying the size of the PV array is shown in 
Figure 7.11. As the size increases, it is able to supply more of the load demand and the 
need for energy from the battery diminishes. This means that the battery is less 
discharged and the need for the CHP to run is reduced. With the battery now at a higher 
state of charge, there is a reduction in the energy imported from the wind turbines or grid 
during the off-peak: tariff period. As the initial energy demand is on the wind turbines, 
their contribution to the CEGS remains fairly constant, whilst the energy imported from 
the grid decreases as the PV array capacity increases. The generating cost follows a 
positive linear characteristic, reflecting the increase in capital cost needed for a larger PV 
array. 
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Figure 7.11: PV Array Series 
7.2.3 Wind Turbine Series 
PV Nominal Capacity (kWp) 
LEGEND 
FromGrid 
-- Generating Cost 
----- CHP 
0 g 
~. 
~ 
" 0 ~
~ 
e 
With the wind turbines and grid operating in paraIlel, an increase in wind turbine 
generating capacity is matched by a corresponding decrease in the energy imported from 
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the grid, as shown in Figure 7.12. Though there will be an increase in capital cost, the 
revenue earned in selling the electricity will increase, whilst the cost ofimported energy 
will decrease: Consequently the generating cost drops slightly as the number of wind 
turbines increase. 
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Figure 7.12: Wind Turbine Series 
7.2.4 Optimisation 
Within SOMES there is an optimisation routine to find the system configuration that 
provides electricity to the load with a predefined reliability for the lowest generating cost. 
In Step 1 of Figure 7.13, an initial system configuration is simulated where the energy 
generated and the generating cost are calculated. Further simulation runs are performed 
where either one or more of the generating sources is varied in size, and this variation is 
a function of the average load demand, the load factor, the shortage (i.e. available hourly 
energy is less than the basic load) and the battery capacity. If the initial system does not 
have the required reliability and a nearby system has a lower generating cost and better 
reliability, this system is used as the next initial system, otherwise the new initial system 
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is calculated as a function ofthe rate of change of shortage and the generating cost. If the 
initial system has or nearly has the required reliability, a new system is simulated so that 
the shortage remains about the same. If the generating cost of this is lower than that of 
the initial system, this new system is used as the next initial system and the generating 
capacity is varied by ±1.3. If the generating cost is higher than that of the initial system, 
the previous initial system is used as the initial system in the next step and the generating 
capacity is varied by ±0.33. 
For example, in Step 1 of Figure 7.13 the battery capacity is varied from 1 84kWh in the 
initial system to 220.8kWh and 147.2kWh in the subsequent two nearby systems (i.e. 
±36.8kWh) and the algorithm that generates these new values can be simplified to 
v. .. . G . C . ± Generating Capacity anatlOn m eneratmg apaclty = (7.2) 
5 
For example 
V. .. . BC· ± Battery Capacity arwtlOn mattery apaclty = 
= ± 184 
5 
= ±36.8 
5 
(7.3) 
If a new initial system is used in the next step (i.e. In Step 1 a system configuration with 
a cheaper generating cost is found), the new variation is given by Equation 7.4 and the 
generating capacity from Step 1 with the cheapest generating cost, is used as the initial 
system in the next step. 
Generating Capacity Variation in Generating Capacity = ± \.3 . (7.4) 
5 
In Step 2 of Figure 7.13, the variation in battery capacity is as shown in Equation 7.5, 
with the generating capacity (220.8kWh) obtained from the system configuration in Step 
1 with the cheapest generating cost (£0. 72/kWh). 
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Variation in Battery Capacity ± 1.3 Battery Capacity 
5 
± 1.3 . 220.8 
5 
= ±57.4 
--- OPTIMIZATION RUNS -------------------------------------------------------
Permitted shortage 5.00 t 
Maximum number of steps 20 
Accuracy 5.00 t 
Vary PV Battery 
Start from user defined system TRUE 
Step # 1 PV WIND DIESEL BATTERY SHORTAGE KWH-PRICE 
initial system 6.0 50.0 15.0 184.0 0.00 0.80 
nearby system 6.0 50.0 15.0 220.8 0.00 0.72 
nearby system 6.0 50.0 15.0 147.2 0.00 0.89 
nearby system 7.2 50.0 15.0 184.0 0.00 0.81 
nearby system 4.8 50.0 15.0 184.0 0.00 0.79 
A new in! tial system is used in the next step 
Step # 2 PV WIND DIESEL BATTERY SHORTAGE KWH-PRICE 
initial system 6.0 50.0 15.0 220.8 0.00 0.72 
nearby system 6.0 50.0 15.0 278.2 0.00 0.75 
nearby system 6.0 50.0 15.0 163.4 0.00 0.84 
nearby system 7.6 50.0 15.0 220.8 0.00 0.74 
nearby system 4.4 50.0 15.0 220.8 0.00 0.78 
The same initial system as before will be used in the next step 
Step # 3 PV WIND DIESEL BATTERY SHORTAGE KWHwpRICE 
ini tial system 6.0 50.0 15.0 220.8 0.00 0.72 
nearby system 6.0 50.0 15.0 239.9 0.00 0.73 
nearby sys tem 6.0 50.0 15.0 201.7 0.00 0.79 
nearby system 6.5 50.0 15.0 220.8 0.00 0.73 
nearby system 5.5 50.0 15.0 220.8 0.00 0.72 
A new initial system is used in the next step 
Step # 4 PV WIND DIESEL BATTERY SHORTAGE KWHwpRICE 
ini tial system 5.5 50.0 15.0 220.8 0.00 0.72 
nearby system 5.5 50.0 15.0 245.7 0.00 0.73 
nearby system 5.5 50.0 15.0 195.9 0.00 0.79 
nearby system 6.1 50.0 15.0 220.8 0.00 0.73 
nearby system 4.9 50.0 15.0 220.8 0.00 0.78 
The same initial system as before will be used in the next step 
SOMES found the optimum system 
The extended results will be printed now. 
Figure 7.13: Optimisation Routine Text Output File 
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If however the same initial system is used (i.e. a system configuration has not been 
found that has a cheaper generating cost), the variation in generating capacity is 
given by 
Variation in Generating Capacity = ±.!.. 
3 
Generating Capacity 
5 
Therefore in Step 3 of Figure 7.13 the variation in battery capacity is given by 
v. . t' . B tt C 'ty ± 1 1.3. Battery Capacity ana IOn In a ery apacl = -
3 5 
= ± 1.3 . 220.8 
3 . 5 
= ±19.1 
(7.6) 
(7.7) 
This process of varying the generating capacity continues until either the maximum 
number of steps is reached or the required accuracy is obtained. The method of 
simulating nearby systems and altering the size of the generating sources is 
illustrated by Figure 7.14. In this example the system has been optimised by varying 
the size of both the battery and PV array, and the system configuration of step 2 has 
the cheapest generating cost of £0. 72lkWh. 
7.2.5 Varying Low Level SOC Cut In of CRP 
If the battery SCC falls below 45% there is no requirement for the CHP to run, as 
the battery and the PV array are able to supply the load demand during the peak 
tariff period, as shown by Figure 7.15. There is however still a requirement for 
battery charging during the off-peak tariff period, as shown by the wind turbine and 
grid curves. Though operating at a low SCC gives the lowest generating cost, it is 
not good practice to regularly deep discharge a lead acid battery as this adversely 
affects its operating lifetime. 
Above a 45%, SCC the CHP is required to run and the energy generated steadily 
increases as the SCC cut in level increases. This increase in SCC is matched by a 
150 
Chapter Seven 
10 --------~-------------------~---------~-------- 0.90 
r : _ I 
9 
________ ~ _________ 4 _________ ~ _________ ~ _______ _ 
0.88 
I I 1 I 
I I 1 I 
8 
________ ~_________ 4 _________ ~ _________ ~ _______ _ 
I 1 1 I 
0.86 
0: 
~ 7 
·f 6 
il" 
u 
I I I. 1 
________ ~ _________ 4 _______ ~-~----j----~--------
I 1 I 1 
1 1 1 1 
_________ , _________ ~ _______ l_+'_----J_+_--L..-~----
I I I. I 
1 1 I 1 
0.84 0 g 
0.82 ~. 
~ 
" 
S 
.5 
• 0 
z 4 
e 
--------:---------:---------t----~-f--:--------
________ ~ _________ J _________ L _________ L _______ _ 
I I I I 
I I 1 I 
0.80 n 0 
• 
0.78 ~ 
" e 
< 3 ~ 
0 
~ 
2 
________ ~_________ J _________ L _________ L _______ _ 
I 1 1 1 
1 1 1 1 
________ ~ _________ J _________ L _________ L _______ _ 
1 I 1 I 
0.76 
0.74 
I 1 1 1 
________ ~ _________ J _________ L _________ L __ ~----
1 1 I 1 0.72 
1 I I 1 
0+---------~------_+--------+_------_4--------_+ 0.70 
o so 100 ISO 200 2S0 
Battecy Capacity (kWb) 
LEGEND 
• Stop, • Generating Cost 
Figure 7.14: Optimisation Routine 
30 -,--r-~--T-~--T--r-'--r-'--r--I--T--r-T--r-'--r-
I I I I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I I I I 
I I I I r I I I t I I I I t I , I I 
1.00 
0.90 
I I I I I I I I I I I I I I 1 I I I 2S ~ -"1 --r - -,- -T - -,--,. - -r-1- -r--,- - r --,-- T --'--1- - r-.,- - T"--
I I I I I 1 I I I ;-_.i..._~~_-+_-1---t--<--r-1 0.80 
I I I I I I I I I I 
.:=-d-...:..~.k-!!.-.J=._:l: .!!·d=·.:...-.:l~,~b!!. ~_b·=k -"J._J. __ L _1 __ L _1 __ ~ _ J __ L _ O. 70 ~ 
I L I I I I I I I I I -"-1-..... I I I I I I 
I I I 1 I I I I I I I I ·· ... l I I I I I r 0.60 ~. 
I I I I I I I I I I t I 1"0, I I I I I ... 
1 I I I I I I I I I I I I I ", I , I I <IQ e 15 ... - - -I--t- --1- -+ - -1---+ - -~- -1- -I- --1- --I- - -1-- -I---~ ...... -I- -1-- -1- - -I- --J-O.SO (") ~ I I I I I I I I t I I I I I 'J I I I.... ~ 
.. I I I I I I I I I 1 1 I I 1 , ...... I I -t'.... ...... ~ I I I I I I I I I I I 1 I I I "-l. ;. ....... , rOAO ~ 
~ I I I I I I I I 1 I I I 1 I I I"~ I I ..,. g 10 -"1- - r - ""1-- 1-- -1- - -r- -t- -"1- -j--"1- - 1-- -1--1" --1- --t - - y-~.-- r - e 
u:I --r-,--,--'--,-""-"T-"'-T-T-r-.,...-.L... 1 '~I ' .... ·· .... 1 0.30 
1 I , I 1 1 1 I I I I 1 1 -~-~~ I 1 .. 1' ...... 
1 I 1 1 1 1 1 1 1 I I I 1 I /'1 -+--L_L"":: 
1 I 1 1 1 1 1 1 lit lit ~ t I 1 I 0.20 
5 - -., -- r -1- - T- -,- -T - -I-I - -r - -,-- r--I- - T -;-r - I - - r --, - - r-
-'-r '--'r-'-i . __ . i- '-i'--'r _. -i '--'r- '-i'--'r'-1'--' i-·-... ;.7··i-·- -~--'i-'- -: --'"r --r 0.10 
I I 1 1 I 1 I 1 : 1 1_ .... 1,. ... I 1 1 I I I 
o +-t-,-+--I,--t-,--I-,-t-+-t-,-+-+~r,.:.-t-,-+ ,-t-,--I-, t-+--I-,-+ 0.00 
OSlO IS W B • U • 0 • g ~ M ~ n w ~ • ~ 
CEGSWind 
Solar 
Battel}' Low SOC Cut·ln ofCHP (%) 
LEGEND 
FromGrid 
Generating Cost 
----. CHP 
Figure 7.15: Varying Battery Low SOC Cut-In of CHP 
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corresponding decrease in the energy required from the wind turbines and the grid. 
In other words the CHP is able to maintain the battery at a high SOC during the peak 
tariff period, so that less energy is required for battery charging during the off-peak 
tariff period. Above 50% SOC, there is a shallow increase in the generating cost that 
is a function of the increased CHP operating costs, the reduction in the energy 
imported from the grid and the reduction in wind turbines revenue. 
7.2.6 Photovoltaic Array Tilt Angle 
Another possible change in the operating strategy of the CEGS is to alter the PV 
array tilt angle, as shown in Figure 7.16. The variation in the PV array output is 
mirrored by a reciprocal variation in the energy imported from the grid, with hardly 
any variation in the energy imported from the wind turbines. The maximum energy 
generated is at a tilt angle of between 30° and 40°, which is somewhat less than 
expected, as it is recognised that the annual optimum tilt angle is closer to the 
latitude angle of the site [Buresch 1983]. 
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7.3 GRID CONNECTION ANALYSIS 
The CEGS is unusual in that it combines both grid-connected and autonomous modes of 
operation in a 24-hour period. To provide an understanding of how it operates in a grid-
connected configuration, the control strategy of Figure 7.17 is modelled. If the battery 
and PV array are unable to supply the load during the peak tariff period, and the wind 
turbines are generating, wind energy is imported into the CEGS and any surplus exported 
to the grid. If the wind energy is insufficient to supply the system demand the deficit is 
imported from the grid. If the wind turbines are not generating the CHP will run. Though 
this is not strictly a grid-connected configuration (ie no battery nor diesel), it does allow 
greater use of the wind energy in the CEGS, with the effect of reducing the CHP run 
time. 
The output text file of Figure 7.18, shows how similar the energy distribution is to the 
existing system configuration, with the main difference being that there is no requirement 
for the CHP to run. As the CHP only generates 3% of the energy supplied to the CEGS 
in the existing configuration, the effect of it not being called to run is minimal and this 
is seen in the comparison of Figures 7.19 and 7.20 with Figures 7.2 and 7.3. It is also 
reflected in the simulated energy distribution of Figure 7.21 and the battery SOC 
operating hours as illustrated in Figure 7.22. 
Even though wind and grid energy is continuously available to the CEGS, the effect on 
the cost of energy imported and exported with the grid is negligible, and of the three 
systems modelled this grid-connected configuration has the lowest generating cost of 
£0.71/kWh due to the removal of the CHP operating costs from the cost calculation. 
Assuming a real interest rate of 0%, the generating cost falls to £0.08/kWh. 
The mean hourly export of wind energy to the grid is 7.0kWh, whilst from the grid it is 
9.2kWh and the PV array generation is 0.78kWh, with all figures being comparable to 
the existing configuration. The hourly meteorological and simulated energy values for 
this configuration are shown in Figure 7.23. 
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WEST BEACON FARM : GRID 
--- INPUT DATA -----------------------------------------Run nr. 001 page. 1(4) 
LOAD ------------------- METED FILES ------------ SYSTEM CONTROL ----------
Load file VALLOAD.LD 
AC load Factor 1.00 
Sheddable 0.00 kW 
Irradiation SUTBON95. SOL PV: direct coupling 
SE, 52N, 0 LocTime) Bat: sac min 60% maxlOO\ 
Wind speed SUTBON95. WND CHP Load following 
(Meas. height 24 m) (battery present) 
Amb. temp SUTBON90.AMB MPPT: not present 
inverter: on 0% r.o.p. 
FINANCIAL DATA ------------------------------------ rectifier: on 0% r.o.p. 
Interest 4\ View time 20 year(s) 
PV ARRAY --------------- WIND TURBINE ----------- CHP ---------------------
DC Power 6.0 kWp 
Type SOLAREX/ARCO 
Losses 30t Albedo 0.2 
Tilt 30 ° Orient 16 ° 
Fuentes temperature mod. 
Height 3 m INOCT 44°C 
AC Power 
Type 
Number 2 
25.0 kW AC Power 15.0 kW 
TOTEM CWS25C Type 
Outage 3t Number 1 Outage 1% 
Response time 1 s Fuel price Pnd 0.02 
Fluct. within hour No Fuel price rise l%/y 
Roughnesslength 0.03 m 
BATTERY ---------------- GRID ----------- INVERTER ------- RECTIFIER ------
Capacity 
Type 
184.0 kWh 
SEC 
Shepherd model Yes 
Bat. temp. is calculated 
Import/Export Power1 
Type 1 
24.0 kw Power1 
PSI Typel 
48.6 kW 
PSI 
############################################################################### 
--- ENERGY PERFORMANCE ---------------------------------Run nr. 001 page. 2 (4) 
ENERGY PRODUCTION -----------kWh----t DEMAND------------------------kWh----\ 
Total 79089.5 100 Total demand (AC) 22473.3 100 
PV IDC) 3574.2 5 Basic load 22473.3 100 
Wind (AC) 55486.5 70 Shedded load 0.0 0 
CHP lAC) 0.0 0 Shortage 0.0 0 
Grid (AC) 20028.7 25 
DESTINATION - - - - - - - - - - - -- - - - -kWh- - --\ COVERAGE OF BASIC LOAD -------kWh----% 
Basic load (AC) 22473.3 28 PV (directly) 2860.4 13 
To Grid lAC) 46053.6 58 Wind (AC converted) 4522.2 20 
Unused (total) 321.6 0 CHP (AC converted) 0.0 0 
Inv. + Rect. losses 5633.9 7 Battery (directly) 12190.7 54 
Battery losses 4675.0 6 Grid (AC converted) 7326.2 33 
BATTERY ---------------------kWh----\ CONVERTERS ----Input kwh----OutputkWh 
. Input 16797.8 100 MPPT 0.0 0.0 
PV (directly) 392.3 2 Inverter 1 26848.0 22473.3 
Wind (AC converted) 4494.7 27 Inverter 2 0.0 0.0 
CHP (AC converted) 0.0 0 Rectifier 1 29461.7 28202.5 
Grid (AC converted) 11910.8 71 
Output 12190.7 73 
UNUSED - - - - - - - - - - - - - - - - - - - - - -kWh- - - -\ SIMULATION - - - - - - - - - - - - - - - - - - - - - - - - - --
- PV 321.6 100 Duration 365 Days 
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EXTENDED PERFORMANCE DATA ---------------------------Run nr. 001 page. 3 (4) 
SHORTAGE DATA ------.----
Total of 0 Hours 
Total of 
Max period 
Max short 
o Periods 
o 
0.0 
Hours 
kw 
SHEDDABLE LOAD ----------- TO GRID --------------
Operational 0 Hrs Operational 6589 Hrs 
Max shedded 0.0 kW FROM GRID ------------
Operational 2171 Hrs 
PV ARRAY ---------------- WIND TURBINE ------------- CHP -----------------
Operational 
Capaci ty factor 
Max output 
4565 Hrs 
6.8 '" 
3.6 kw 
Max. temperature 0 °c 
Arrayeff. 5.5 % 
BATTERY -----------------
5299 Hrs 
116 kwh 
Operational 
Capacity factor 
Max output 
8760 Hrs 
12.7 t 
40.0 kW 
Operational o Hrs 
Cap. factor 0.0 t 
Max output 0.0 kw 
Fuel use 0.0 MWh 
CHP eff 0.0 t 
Nr. of starts 0 
Operational 
Final Capacity 
Storage cycles 
Ave. efficiency 
66 CONVERTER OPERATION ---Hrs SYSTEM PERFORMANCE ---
72.28 % MPPT 0 Reference yield 2.95 
Ave, temperature 11 ·C 
sac min 60% max 100 \ 
sac < 65% during 98 Hr. 
sac> 95% during 4556 Hr. 
Min. charge eff. 84 t 
Min discharge eff. 56 t 
Inverter 1 
Inverter 2 
Rectifier 1 
Rectifier 2 
8760 
0 
2585 
0 
Array yield 1. 63 
Final yield 
Perf. ratio 
Plant eff. (%) 
1. 01 
0.34 
4.4 
############################################################################### 
--- HOURLY INPUT DATA AND ECONOMIC PERFORMANCE ---------- Run nr. 001 page. 4 (4) 
HOURLY INPUT DATA ----MIN---AVE--MAX-DAyS------------------MIN---AVE--MAX-DAYS-
Array plane irrad. 0122.81096 365 PV output MPP 0 0.7 6 365 
Wind speed hub height 0 2.8 11 365 Wind turbo out. 0 6.5 41 365 
Ambient temperature -5 10.5 31 365 Load (kW) 0 2.6 10 365 
ENERGY DELIVERED TO THE GRID --------------------------------------------------
Tariff Value Comments To grid (kWh) 
NFFa 0.12 NFFO contract until 1998 46053.6 
ECONOMIC PERFORMANCE ON YEARLY BASIS ------- ELECTRICITY COSTS: 0.71 Pnd/kWh---
Component Investment Inv. costs O&M-costs Fuel-costs Total costs 
PV generator 20000 1472 200 0 1672 
Wind turbine 60000 4415 1002 0 5417 
CHP 15000 0 0 0 0 
From Grid 0 0 0 0 570 
To Grid 0 0 0 0 -5526 
Battery 16869 1517 506 0 2023 
Converters 32640 2402 0 0 2402 
Additional costs 127000 9345 0 0 9345 
TOTAL 271509 19150 1708 0 15902 
These results are created with SOMES subversion C 
Figure 7.18: SOMES Output Text File 
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Figure 7.20: Battery Energy Input 
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Chapter Seven 
7.3.1 Battery Series 
If the battery capacity is increased, the wind turbines and grid provide the initial back up 
energy for the. CEGS during the peak tariff period, and no energy is required from the 
CHP, as evident in Figure 7.24. The PV array output shows a slight increase as the 
battery capacity increases, whilst the wind turbine and grid curves show that below the 
200kWh capacity they compensate for the lack of input from the CHP. As the battery 
capacity increases, with the same load demand, the requirement for further energy does 
not arise and the wind turbines and grid curves fall in the same way as Figure 7.7. The 
generating cost is constant at £0.69/kWh up to 100kWh and then steadily increases due 
to the capital cost of the larger batteries. 
30 ----l-----r----l-----r----l-----r----l-----r----
28 -f- - - - -~ - - - --r ----~ -----~ ----~ -----t- - -- - ~ -- - - -r ---- rI.IO 
26 ____ J _____ L ____ J _____ L ____ J _____ L ____ J _____ L ___ _ 
~ ____ l _____ L ____ l _____ L ____ J _____ L ____ J _____ L ____ r-l~O 
I I I I I I I I 090 22 -- - - - - -l. - - - - -1-- ___ -1 _____ 1- ____ --1 _____ I- ____ -1 _____ .I- _ _ _ _ _ • 
_ •• _ •• l... •• _. I I I I I I 
:2 20 .:=-:. -4 '-"-""J:::'--_.-.d. .. _ .. _.. 1- -I _ 1- +- 0.80 Cl ~ 18 ~ - - - ~ I _ •. :-.. -::. -l .::.~. .:..-lr-:-"-" .. -=1 ... _.'-=:. ~ " ~ 
;- I I I I I I ," .. _.\- 0.70 g. 
~16 ----~-----r----;-----r----;-----r----;-----r---- ~ S r--, I I I I I I I I 0.60 0 
~14-r-,--;-----r----;-----r----;-----,----;-----I----- ~ o ..... I I I I I I I I 0.50 ~ ~ 12 ----i'.::.:..-:i----i-----r---- -i---- -i----i-----;---- ..; 
~ 10 - -- -i -- -- -T--=-.;:7:.:-..:~-~-=:.-~~:.-...:.:.::.:-=-:.-.J.=._=_-_=.=.:=_--==--- OAO e 
8 + --- -, --- --r - - - -,- - --- r - -- -, - - -- - r- - - -,-- - - - r- -- ---=r 0.30 
6 ----i-----t----i-----t----~-----t----~-----t----
I I I I I I I I 0.20 
4 _-:_-:.:::~.~.:::--;---=.-=F·=--:--:.:--1·-=~.;--7--:.r:_=.=--:---:-t-=·-==:.;--7,-:.:-=.=.=--:':-t:-.-=.-==:=-T-'--:':-='='=-' 
2 -r- - - ---{- - --- ~-- -- -{- --- -~- - - -~- - - - - ~- - --l-- __ -t---- 0.10 
o I I I 0.00 
m IM Im B lli D ~ a ~ _ 
Battety Capacity (kWh) 
Wind 
Solar 
LEGEND 
Import from Grid 
-- Generating Cost 
Figure 7.24: Varying Battery Capacity 
----- CHP 
The distribution of energy delivered to the load is more varied at a lower battery 
capacity, due to the battery discharging more to the load, as is clear from Figure 7.25. 
This has the effect of reducing the supply from the wind turbines and the grid to the load. 
At a battery capacity of between 200 and 250kWh, the delivery of energy from these 
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sources levels out and remains constant as the battery capacity continues to rise. 
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Figure 7.25: Load Demand Energy Supply 
With no charging of the battery from the CHP during the peak tariff period, the energy 
delivered to the battery is from either the wind turbines or the grid. This is clear in Figure 
7.26, where at the lower battery capacities there is initially a high supply from these 
sources into the battery, whilst as the battery capacity increases the demand for battery 
charging levels out. 
The effect on the generating cost of varying the PV array nominal capacity whilst the 
battery capacity increases is shown in Figure 7.27. This indicates that the minimum 
generating cost for each array size is at a battery capacity of only about 100 and 150kWh 
due to the CHP not being required to run. From the optimisation routine (where only the 
battery and PV array can be varied in size), the minimum generating cost (£0.63/kWh) 
is with no PV array and a battery capacity of 114kWh. 
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Figure 7.27: Varying PV Array Capacity with Increasing Battery Capacity 
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7.3.2 Photovoltaic Array Series 
The effect on the energy distribution of varying the PV array size is shown in Figure 
7.28. As the nominal capacity increases, the energy generated offsets the energy that is 
imported from the grid, and this is illustrated by the convergence of their energy curves. 
The wind energy curve remains reasonably constant throughout the range of array 
capacities, reflecting the priority for the wind energy to be supplied to the CEGS in 
preference to energy being imported from the grid. The generating cost curve rises 
steadily due to the increase in capital cost of the larger arrays. 
35 
30 
25 
::1 
.. 
620 
~ 
e 
c 
0 15 
~ 
c 
'" 10 
5 
0 
0 
--T--l---r--r--l--~---r--l--~---r--T--l---r--r--
I I I I I I I I 1 I I I I I 
I I I I I 1 I 1 I I I I I I 
I I I I I I I I I I I I I I 
--T--~---r--r--'--~---r--'--~---r--T--~---r--r-
I r I I I I I I I I I I I I 
I I I I I I I I I I I t 
I I I I I I I I I I I 
T ,-- r- r- T I -r- T--' -r- r--
"-'.-, .. -.. I I I I I 1 I 
I-·-·..J .. _" I I 1 I 1 I I I 
---!---~---~-:r::,-,:·~·~~-..... :ol:.=.::.~--~---~--~--~---~--~--
I I I I I 1 I ·j-··_ .. T .. _··-I·_·,_ .. J.. .. _ •• _l, I I 
I I I J I I I I I I I I-··_··r .. _ ..... ,.·_··_· 
I I I I I I I 1 I I I I I I 
--+---;---I---+----+---I---t----+----1---t---+----1---I---i---
I I I I I I I I I I I I 1 I 
I I I I I I I I I I I I I I 
I I I I I I I I I 1 I I I I 
__ J,.. __ -1 ___ ...I:;- - -.j... - - 4 - --1-- -1-- - +- -~- --~- -.,j..- ---1---~ --.j... --
-7--r-,-~--T-'--r-'--r-~--r-~--r-~= 
I I I I I I I I I 1 I J. ... --·r-·"-·, 
I 1 I I I I I I I )_.--·1-·""·1 I I 
- - i --~ -- -i -- ~- -~ - - -1~ .. :.:~·=-~1--·~-':-:'-~i -- i -- ~- - -i --i--
I I I ). ....... 1· .... · .. I I I t I I I I I 
_.I ......... l __ ._ .. I .... · .. I I I I I I I I 1 I I 
2 3 
Wind 
Solar 
4 5 6 7 8 9 10 11 12 13 14 15 
Solar Array Nominal Capacity (kWp) 
LEGEND 
Import from Grid 
--- Generating Cost 
----- ClIP 
Figure 7.28: PV Array Series 
7.3.3 Wind Turbine Series 
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The effect of varying the number of wind turbines at WBF shown in Figure 7.29 follows 
the same characteristics as the previous wind turbine series analysis of section 7.2.3. The 
only difference in this grid-connected configuration is that the generating cost, though 
starting at the same level, falls to a level £O.07lkWh lower, illustrating the greater 
contribution of wind energy to the CEGS. 
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Figure 7.29: Wind Turbine Series 
7.3.4 Varying Low Level SOC Cut In of CHP 
At a CHP cut-in level below 75% SOC the generating cost is £0.71lkWh and this rises 
to a maximum of £0.81lkWh at a CHP cut-in level of95% SOC, as shown in Figure 7.30. 
As the cut-in level rises it reduces the energy demand on the wind turbines and the grid, 
which accounts for their converging curves at higher SOC levels. The energy imported 
from the grid is subject to the standard domestic price tariffs of £0.027lkWh between 
00:30 and 07:30 and £0.074lkWh between 07:30 and 00:30. The variation in generating 
cost above 60% SOC is due to the CHP being called upon to run. 
7.3.5 Varying PV Array Tilt Angle 
The effect on the energy distribution of varying the PV array tilt angle is shown in Figure 
7.31, where the variation in the array output curve is mirrored by a reciprocal variation 
in the grid import curve, with only minimal variation in the wind energy import curve. 
The generating cost curve remains constant at £0.711kWh up to a tilt angle of 70° and the 
variation in generating cost above this level is due to the CHP being called upon to run. 
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Figure 7.30: Varying Battery Low SOC Cut-In of CHP 
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Figure 7.31: Varying PV Array Tilt Angle 
165 
1.00 
0.90 
0.80 
0.70 
" ~ 
0.60 ~. 
~ 
0.50 n 0 
• 
-;;; 
0.40 .. 
~ 
e 
0.30 
0.20 
0.10 
0.00 
Chapter Seven 
7.4 AUTONOMOUS CONNECTION ANALYSIS 
There are a variety of different control strategies that can be modelled given the unusual 
configuration of the CEGS. To limit the number of alternative strategies, only a grid-
connected and autonomous configuration are modelled, as these are the two most 
commonly used in hybrid systems. Consequently, to complete the comparative analysis 
of different control strategies, an autonomous operating mode is modelled where all the 
wind energy is exported to the grid, and energy for battery charging and balancing the 
load demand is provided by the CHP and PV array. As there is now no requirement for 
importing energy into the CEGS from either the wind turbines or the grid, and no time 
periods to consider, the control strategy is simplified to that of Figure 7.32, with the 
resulting output text file shown in Figure 7.33. 
All Wind Energy 
Exported 
I 
Calculate Inverter IT 
Solar Energy> Inverter ___ --, ITt I 
YI' NI 
Supply Inverter Totally SOC<Low Level CHP Cut In 
From Solar Energy OR ___ -, 
I 
SOC<High Level CHP Cut Oul I 
AND CHP Not Running 
Y
' 
N Y ~s ? 
Calculate Yearly Continue To Supply SOC<High [.",1 CHP Col In 
Energy Totals Load FromCHP ANDMaxBatteryOutput ____ --, 
< DC Energy Demand ~ ANDC~r,""i,g ~o 
Any Surplus Energy Supply Available Energy Supply Inverter Input 
To Battery From Battery From Battery 
~ ~ ~ 
Calculate Yearly Run CHP To Calculate Yearly 
Energy Totals Load Follow Energy Totals 
Figure 7.32: Control Strategy Flow Chart 
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WEST BEACON FARM : AtTrONOMOUS 
--- INPUT DATA -----------------------------------------Run nr. 001 page. 1(4) 
LOAD -------.----------- METED FILES .----------- SYSTEM CONTROL ---------. 
Load file 
AC load 
Sheddable 
VALLOAD.LD Irradiation SUTBON95.S0L PV: direct coupling 
Factor 1.00 
0.00 kW 
SE, 52N, 0 LocTime) 
Wind speed SUTBON95. WND 
(Meas. height 24 rn) 
Amb. temp SUTBON90 .AMB 
Bat: sac min 60t maxlOOt 
CHP Load following 
(battery present) 
MPPT: not present 
inverter: on ot r.o.p. 
FINANCIAL DATA ----------------------------.----.-. rectifier: on 0% r.o.p. 
Interest 4% View time 20 year(s) 
PV ARRAY ---------------
DC Power 6.0 kWp 
WIND TURBINE -----------
AC Power 2S. 0 kw 
CHP ---------------------
AC Power 15.0 kW 
TOTEM Type SOLAREX/ARCO Type CWS25C Type 
Losses 30t Albedo 0.2 
Tilt 30 0 orient 16 0 
Fuentes temperature mod. 
Height 3 m INOCT 44°C 
Number 2 Outage 3\ 
Response time 1 s 
Number 1 Outage 1% 
Fuel price Pnd 0 . 02 
FIuct. within hour No Fuel price rise Hr /y 
Roughnesslength 0.03 m 
BATTERY ---------------- GRID ----------- INVERTER ------- RECTIFIER ------
capacity 
Type 
184.0 kWh Import/Export 
SEC 
Shepherd model Yes 
Bat. temp. is calculated 
Power1 24.0 kW Powerl 48.6 kW 
Typel PSI Typel PSI 
############################################################################### 
--- ENERGY PERFORMANCE --------------------------------Run nr. 00l. page. 2 (4) 
ENERGY PRODUCTION -----------kWh----% 
Total 90852.8 100 
PV (DC) 3320.8 4 
Wind (AC) 55486.5 61 
CHP lAC) 32045.5 35 
Grid (AC) 0.0 0 
DESTINATION-----------------kWh----t 
Basic load (AC) 22473.3 25 
To Grid (AC) 55486.5 61 
Unused (total) 28.9 0 
Inv. + Rect. losses 5445.4 6 
Battery losses 7694.8 8 
BATTERY ---------------------kWh----\ 
Input 
PV (directly) 
Wind (AC converted) 
CHP (AC converted) 
23777.4 100 
535.5 2 
0.0 U 
23241.8 98 
- Grid (AC converted) 0.0 0 
Output 16143.1 68 
UNUSED ----------------------kWh----\ 
- PV 28.9 100 
DEMAND------------------------kWh----% 
Total demand (AC) 22473.3 100 
Basic load 22473.3 100 
Shedded load 0.0 0 
Shortage 0.0 0 
COVERAGE OF BASIC LOAD -------kWh----% 
PV (directly) 2756.3 12 
- Wind (AC converted) 0.0 0 
- CHP (AC converted) 7933.3 35 
Battery (directly) 16143.1 72 
- Grid (AC converted) 0.0 0 
CONVERTERS -- - -Input kWh- - --Output kwh 
MPPT 0.0 0.0 
Inverter 1 
Inverter 2 
Rectifier 1 
26832.7 
0.0 
32243.5 
22461.2 
0.0 
31151. 7 
SIMULATION---------------------------
Duration 365 Days 
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._- EXTENDED PERFORMANCBDATA -------------------------.-R.un nr. 001 page. 3(4) 
SHORTAGE DATA -----------
Total of 0 Hours 
Total of 0 Periods 
Max period 0 Hours 
Max short 0.0 kW 
SHEDDABLE LOAD 
-----------
Operational 0 Hr. 
Max shedded 0.0 kw 
TO GRID --------------
Operational 8760 Hrs 
FROM GRID ------------
Operational o Hrs 
PV ARRAY ---------------- WIND TtJRBINE ------------- CHP .-------.--------
Operational 
Capaci ty factor 
4565 Hrs 
6.3 % 
Operational 
capacity factor 
Max output 3.5 kw Max output 
8760 Hrs 
12.7 % 
40.0 kW 
Max. temperature 0 °c 
Array eff. 5.1 % 
BATTERY -----------------
Operational 6047 Hrs 
Final Capacity 123 kWh 
Storage cycles 88 CONVERTER OPERATION ---Hrs 
Ave. efficiency 68 t MPPT 0 
Ave. temperature 11 ·C Inverter 1 8752 
SQC min 60\ max 100 t Inverter 2 0 
SOC < 65% during 581 Hr. Rectifier 1 2203 
SOC > 95% during 1132 Hr. Rectifier 2 0 
Min. charge eff. 87 t 
Min discharge eff. 50 t 
Operational 2136 Hrs 
Cap. factor 24.4 t 
Max output 15.0 kW 
Fuel use 132.4 MWh 
CHP eff 24.2 t 
Nr. of starts 314 
SYSTEM PERFORMANCE - - -
Reference yield 2.95 
Array yield 1.52 
Final yield 0.81 
Perf. ratio 0.27 
Planteff. (1r) 4.3 
############################################################################### 
--- HOURLY INPUT DATA AND ECONOMIC PERFORMANCE --------- Run nr. 001 page. 4 (4) 
HOURLY INPUT DATA ----MIN---AVE--MAX-DAyS------------------MIN---AVE--MAX-DAYS-
Arrayplaneirrad. 0122.81096365 PVoutputMPP 0 0.7 6365 
Wind speed hub height 0 2.8 11 365 Wind turbo out. 0 6.5 41 365 
Ambient temperature -5 10.5 31 365 Load (kW) 0 2.6 10 365 
ENERGY DELIVERED TO THE GRID ----------_.--------------------------------------
Tariff Value Comments To grid (kWh) 
NFFO 0.12 NFFO contract until 1998 55486.5 
ECONOMIC PERFORMANCE ON YEARLY BASIS ------- ELECTRICITY COSTS: 0.89 Pnd/kWh---
Component Investment Inv. costs O&M-costs Fuel-costs Total costs 
PV generator 20000 1472 200 0 1672 
Wind turbine 60000 4415 1002 0 5417 
CHP 15000 1952 961 2908 5821 
From Grid 0 0 0 0 0 
To Grid 0 0 0 0 -6658 
Battery 16869 1517 506 0 2023 
Converters 32640 2402 0 0 2402 
Additional costs 127000 ~345 0 0 9345 
TOTAL 271509 21103 2669 2908 20021 
These results are created with SOMES subversion C 
Figure 7.33: SOMES Output Text File 
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The output text file illustrates the effect this change in operating strategy has on the 
energy distribution. The most noticeable effect is the dramatic increase in energy 
production by the CHP, which is now the main generating source for charging the 
battery. Because of this, it runs for much longer periods and this is reflected in the 
increase in efficiency. The coverage of the basic load is supplied by only three generating 
sources as shown in Figure 7.34, while the battery is charged from either the PV array 
or the CHP as illustrated in Figure 7.35. The autonomous configuration and simulated 
energy distribution are shown in Figure 7.36. 
Of the three systems modelled, the autonomous configuration has the highest generating 
cost of £0. 89/kWh, due to the £1077 increase in income earned from the wind energy 
sold to the grid being offset by an £3622 increase in the fuel costs. If the wind turbines 
are removed from this configuration, a solar-CHP-battery hybrid system exists and the 
generating cost rises to £0.95/kWh, due to the loss of net revenue from the wind turbines. 
m Solar 
LEGEND 
• CHP 
Figure 7.34: Coverage of Basic Load 
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LEGEND 
00 Solar • CH? 
Figure 7.35: Battery Energy Input 
55487 
55487 ~~------------------------------~ WIND 
TIJRBINES 
32064 
CH? 
3321 
PHOTOVOLTAIC 
ARRAY 
32064 
3321 
l 
32244 7= 
31169 t 
.. 
26833 
23788
1 " Y 116136 
BATIERY 
Figure 7.36: Simulated Energy Distribution 
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In this configuration, the battery operates for most of the time with a SOC between 65% 
and 95% of battery capacity, as shown in Figure 7.37. This is to be expected, as due to 
a limitation within the model the maximum SOC cut out level of the CHP is reduced 
from 100% to 95%. The periods when the battery SOC is over 95%, are therefore due to 
charging from the PV array during the summer months. 
LEGEND 
fm SOC<65% o 65%<=SOC<=9S% IT] 95%<SOC 
Figure 7.37: Battery SOC Operating Hours 
The mean hourly export of wind energy to the grid is 6.3kWh and the PV array mean 
hourly generation is O.73kWh, and the battery SOC at the end of the simulation run again 
indicates that there is no reduction in the battery capacity during the first year of 
operation. The generating cost (assuming a real interest rate of 0%) increases to 
£0.25/kWh, which is due to the increased operating costs of the CHP. The output plot file 
ofthe hourly energy distribution illustrated in Figure 7.38, shows how the CHP is called 
to run more frequently and for a longer period of time than in the previous two 
configurations. Also there is no reduction in the battery SOC during the year. 
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• System: ALn'ONOMOUS 
• Run Number: I 
sOr, Sames 
SNOM 
$ • 
''''' 
10.4 6.0 SO.O· 184.0· 15.0 :26.7 2.4.0 49.1 48.6 0.0· 0.0 
SUOUR LOAD ARRAY WIND BATIN BATOLn' BatSOC FRMGRID TOGRID DIESEL INVIN INVOLn' RECTIN RECfOlIT SHEDD UNUSED SHORT MPPTOLn' 
1 1.0 0.0 4.5 0.0 1.4 184.0 0.0 4.5 0.0 1.4 1.0 0.0 0.0 n.O f).0 0.0 0.0 
2 5.1 0.0 3.7 0.0 S.8 182.6 0.0 3.7 0.0 5.8 5.1 0.0 0.0 0.0 0.0 0.0 0.0 
3 5.8 0.0 0.7 0.0 6.7 176.2 0.0 0.7 0.0 6.7 5.8 0.0 0.0 0.0 0.0 0.0 0.0 
4 5.6 0.0 0.5 Q.() 6.4 168.4 O.f) 0.5 0.0 6.4 5.6 0.0 0.0 0.0 0.0 o.n 0.0 
5 6.1 0.0 1.0 0.0 7.0 160.4 0.0 1.0 0.0 7.0 6.1 0.0 0.0 (lO 0.0 0.0 0.0 
6 7.4 0.0 0.9 0.0 8.4 151.1 0.0 0.9 0.0 8.4 7.4 0.0 0.0 (J.O 0.0 0.0 0.1) 
7 7.4 (J.O 1.0 0.0 8.4 1311.6 0.0 1.0 0.0 8.4 7.4 0.0 0.0 0.0 0.0 O.f) 0.0 
8 6.5 0.0 1.4 14.1 7.1 114.1 0.0 1.4 15.0 7.4 6.5 15.0 14.5 f).0 0.0 (1.0 0.0 
9 1.5 0.0 1.2 12.6 0.0 1215 0.0 1.2 15.0 1.9 1.5 15.0 14.5 0.0 (1.0 0.0 0.0 
10 2.1 0.5 6.5 12.4 0.0 135.3 0.0 6.5 15.0 1.6 2.1 IS.O 14.5 0.0 0.0 0.0 0.0 
11 1.4 1.0 9.7 13.7 0.0 146.8 0.0 9.7 15.0 1.8 1.4 15.0 14.5 0.0 0.0 0.0 0.0 
12 2.1 1.1 6.5 110 0.0 159.1 0.0 6.5 15.0 1.6 1.1 IS.O 14.S 0.0 0.0 o.n 0.0 
13 1.0 0.1 4.1 9.3 0.0 170.7 0.0 4.1 12.1 2.4 1.0 11.1 11.6 0.0 0.0 0.0 0.0 
14 14 0.4 4.1 0.0 1.4 179.1 0.0 4.1 0.0 1.8 1.4 0.0 0.0 0.0 0.0 0.0 0.0 
IS 1.0 0.3 7.0 0.0 2.1 177.1 0.0 7.0 0.0 1.4 1.0 0.0 0.0 0.0 0.0 0.0 0.0 
16 1.7 0.1 4.1 0.0 2.0 17S.4 0.0 4.1 0.0 1.1 1.7 0.0 0.0 f).0 0.0 0.0 0.0 
17 4.9 0.0 S.1 0.0 5.7 173.2 0.0 8.1 0.0 5.7 4.9 0.0 0.0 0.0 0.0 0.0 0.0 
18 5.7 0.0 6.5 0.0 6.5 166.6 0.0 ('i.5 0.0 6.5 5.7 0.1) 0.0 0.0 0.11 0.0 0.0 
19 6.5 0.0 4.S 0.0 7.4 158.4 0.0 4.5 0.0 7.4 6.5 0.0 0.0 0.0 0.0 0.0 0.0 
10 3.S 0.0 6.0 0.0 4.0 148.3 0.0 6.0 0.0 4.0 l.S 0.0 0.0 0.0 n.o 0.0 0.0 
21 2.2 0.0 6.5 0.0 1.7 142.8 0.0 6.5 0.0 2.7 2.2 0.0 0.0 0.0 0.0 0.0 0.0 
11 2.5 0.0 8.1 0.0 3.0 139.1 0.0 8.1 0.0).0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 
13 1.4 0.0 8.6 0.0 1.8 134.8 0.0 8.6 0.0 1.8 1.4 0.0 0.0 0.0 0.0 0.0 0.0 
14 1.9 0.0' 9.7 0.0 2.3 132.3 0.0 9.7 0.0 2.3 1.9 0.0 0.0 0.0 0.0 0.0 0.0 
15 1.8 0.0 \8.1 0.0 1.1 119.0 0.0 8.1 0.0 2.2 1.8 0.0 0.0 0.0 0.0 0.0 0.0 
26 5.3 0.0 11.0 0.0 6.1 12S.6 0.0 11.0 0.0 6.1 5.3 0.0 0.0 0.0 0.0 0.0 0.0 
27 6.1 0.0 8.6 9.9 2.4 114.6 0.0 8.Ii 15.0 7.0 6.1 15.0 14.5 0.0 0.0 0.0 0.0 
28 S.5 0.0 6.0 8.1 0.0 119.8 0.0 6.0 15.0 6.3 5.5 15.0 14.5 0.0 0.0 0.0 0.0 
29 6.3 0.0 3.7 7.3 0.0 127.7 0.0 3.7 15.0 7.2 6.3 15.0 14.S 0.0 0.0 0.0 0.0 
30 6.6 0.0 4.5 7.0 0.0 134.7 0.0 4.S IS.O 7.5 6.6 15.0 14.5 0.0 0.0 0.0 0.0 
31 7.1 0.0 2.9 6.S 0.0 141.4 0.0 2.9 15.0 8.0 7.1 15.0 14.5 0.0 0.0 0.0 0.0 
32 5.8 0.0 1.4 7.9 0.0 147.6 0.0 1.4 IS.O 6.6 5.8 IS.O 14.5 0.0 0.0 0.0 0.0 
33 1.4 0.0 2.0 11.7 0.0 155.1 0.11 2.0 IS.O 2.9 2.4 15.0 14.5 0.0 0.0 0.0 0.0 
34 1.4 0.5 2.3 12.2 (10 16S.7 0.0 2.3 IS.O 2.8 2.4 15.0 14.5 0.0 0.0 0.0 0.0 
3S 2.7 1.1 4.1 0.0 2.0 176.5 0.0 4.1 0.0 3.2 2.7 0.0 0.0 0.0 0.0 0.0 0.0 
36 1.7 1.5 7.0 0.0 0.6 174.3 0.0 7.0 0.0 2.1 1.7 0.0 0.0 0.0 0.0 0.0 0.0 
37 2.0 1.6 6..S 0.0 0.8 17).6 0.0 6.S 0.(1 2.4 2.0 0.0 0.0 0.0 0.0 0.0 0.0 
38 1.0 1.4 7.0 0.1 0.0 172.7 0.0 7.0 0.0 1.4 1.0 0.0 0.0 0.0 0.0 0.0 0.0 
39 1.1 0.8 3.3 0.0 0.7 172.8 0.0 3.3 0.0 1.6 1.1 0.0 0.0 0.0 0.0 0.0 0.0 
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7.4.1 Battery Series 
The PV array annually supplies about 3.5MWh to the battery irrespective of the capacity, 
and Figure 7.39 shows that the CHP output levels out once the battery capacity is above 
200kWh. The increase in the generating cost is due to the increased capital cost and 
operating cost of the battery. 
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Figure 7.39: Varying Battery Capacity 
As the low level SOC cut in of the CHP is constant for all the different battery capacities, 
the battery is able to supply more of the load before the CHP is required to run. This is 
illustrated by the converging curves for the battery and the CHP of Figure 7 AD, with the 
energy required for battery charging that is increasingly supplied by the CHP being 
shown in Figure 7A1. 
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The effect on the generating cost of varying the nominal capacity of the PV array as the 
battery capacity increases in size is shown in Figure 7.42, and this displays the same 
characteristics as the generating cost curve of Figure 7.39. 
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7.4.2 Photovoltaic Array Series 
The effect on the energy distribution of varying the PV array size is shown in Figure 
7.43, where an increase in the PV array output is matched by a decrease in the energy 
required from the CHP. The increase in the generating cost reflects the increased capital 
and operating costs of the larger PV array 
7.4.3 Wind Turbine Series 
As all the wind energy is exported to the grid, the effect of varying the number of wind 
turbines is to reduce the generating cost (due to increased revenue), as shown in Figure 
7.44. 
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7.4.4 Varying Low Level SOC Cut In of CHP 
The effect of reducing the low level SOC cut in of the ClIP is not as pronounced as in 
the other configurations modelled, and if this level is allowed to fall it will cause the 
ClIP to run for a longer period of time as illustrated in Figure 7.45. The generating cost 
is either £0.85/kWh above 40% SOC or £0. 86/kWh below it, reflecting the increased 
energy output at the lower cut-in levels. The PV array output remains fairly constant 
throughout the simulation. Therefore above 40% SOC, there appears to be no definite 
point at which it is economically beneficial to start the ClIP. The only limiting factor in 
this case, is the need to regulate the depth of discharge of the battery. 
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Figure 7.45: Varying Battery Low SOC Cut-In of CHP 
7.4.5 Varying Photovoltaic Array Tilt Angle 
The variation in the PV array energy output as the tilt angle is altered is shown in Figure 
7.46 and as previously described, the energy output reaches a maximum between a tilt 
angle of30· and 40·. The ClIP output mirrors that of the PV array as in the two other 
configurations, whilst the generating cost follows the ClIP curve reflecting the variation 
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in operating costs ofthe CHP. 
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Figure 7.46: Varying PV Array Tilt Angle 
7.5 COMPARISON OF RESULTS 
Of the three system configurations modelled, the grid-connected system provides the 
smallest generating cost of £O.7IlkWh as illustrated in Table 7.1 and this reduced cost 
is as a consequence of the CHP not being required to run. The generating cost for the 
voltage control strategy uses the same economic analysis as for the SOC control 
methods. No data is available, at the time of writing, for the annual energy transfer with 
the battery. 
The component generating costs for the wind turbine (£O.lOlkWh) and PV array 
(£0.47/kWh), for the existing system with SOC control, compare favourably with those 
as calculated in section 3.5.2, whilst the generating cost for the CHP is £2.22lkWh. The 
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generating cost for the CEGS of £0. 71lkWh to £0.89lkWh, dependant. on control strategy 
used, is exceptionally high when compared to other hybrid systems. Lipman [Lipman et 
al 1986] calculates the generating cost for a wind-diesel system, using the same annuity 
method as SOMES, as varying between £O.OlllkWh to £0.08IlkWh. For the wind-diesel-
battery system on the island of Cape Clear off the Irish coast the generating cost is 
calculated as £O.l4/kWh, compared to £O.l8lkWh for a conventional diesel system 
[Cramer et al 1993]. It must be stressed that these figures are not absolute and are very 
dependant on the defined economic criteria (i. e. interest rate, inflation rate, unit lifetime, 
etc). Even so the generating costs are well below that for the CEGS, highlighting the 
uneconomic viability of the CEGS. 
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Table 7.1: Comparison of Results 
PV Energy (kWh) 
Wind Energy (kWh) 
Wind Energy - To Grid (kWh) 
Wind Energy - From Grid (kWh) 
ClIP Energy (kWb) 
Grid Energy (kWh) 
Battery Charge (kWh) 
Battery Discharge (kWh) 
PV Capacity Factor (%) 
Wind Turbine Capacity Factor (%) 
ClIP Capacity Factor (%) 
Generatine Cost (£/kWh) 
Existing 
(Voltage Control) 
3756 
52233 
43389 
8844 
13397 
18562 
N/A 
N/A 
7.15 
11.93 
10.2 
0.84 
Existing Grid-Connected Autonomous 
(SOC Control) (SOC Control) (SOC Cntrol) 
3574 3574 3321 
55487 55487 55487 
46511 46054 55487 
8976 9433 0 
990 0 32046 
19360 20029 0 
16550 16798 23777 
12097 12191 16143 
6.8 6.8 6.3 
12.7 12.7 12.7 
0.8 0.0 24.4 
0.80 0.71 0.89 
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CHAPTER EIGHT 
CONCLUSION 
8.1 CONCLUSION 
The ability of an individual generator to sell electricity to the grid from a renewable 
source, within the UK, is a relatively recent development, with the impetus to do so being 
provided by the NFFO. Since the first NFFO tranche in 1991, in which the wind turbines 
at WBF are contracted, there have been two other tranches. These have greatly assisted 
the development of renewable energy schemes within the UK and have contributed 
towards the Government's target of achieving a minimum of 1500MW DNC of 
renewable energy generation by the year 2000. 
It is apparent from the literature review that numerous hybrid systems throughout the 
world are providing reliable sources of alternative energy. There is much ongoing 
research into the understanding of such systems and this is reflected in the numerous test 
sites that have been developed during the last fifteen years. In all cases these sites are 
attempting to simulate the operation and control of an autonomous system Ci. e. where 
there is no permanent connection to the utility grid), as this is the type of hybrid system 
most commonly used in remote sites. 
The understanding of the operation and control of the present configuration of the CEGS 
at WBF is complicated by: i) the time constraint of selling the wind energy to the grid 
under the terms of the NFFO contract and ii) the unique strategy of operating the CEGS 
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as both an autonomous and grid connected system within a 24 hour period. In its present 
configuration only one ofthe three criteria as defined by Cramer [Cramer et al 1993] for 
the successful operation of a wind-diesel scheme is fulfilled for the CEGS, and that is 
that the CHP can be temporarily switched off. Though these criteria are strictly for an 
autonomous wind-diesel system, they do give guidance for the operation of the CEGS. 
It is suggested that for such a system, switching of the diesel (CHP) is kept to a minimum 
and that the wind turbines should supply all of their output to the load. This research has 
highlighted that a voltage control strategy does not minimize the switching ofthe CHP, 
as the switching is totally dependent on the unpredictability of the size of the load 
demand. Though energy storage is available within the CEGS, its ability to be able to 
reduce the cycling frequency of the CHP is presently not being realised. Due to the 
NFFO contract, the wind energy is supplied to the CEGS only at certain times during the 
day. 
Present long term hybrid modelling software is designed for the simulation of a standard 
autonomous or grid connected hybrid system. However the unique operation of the 
CEGS precludes it from being easily modelled by any of these software packages and 
this led to the work on modifying the SOMES model from Utrecht University. 
From analysis of the monitored data, about a third of the energy supplied to the CEGS 
is accounted for by conversion losses in the battery, the battery charger, and the two 
inverters. This highlights the poor operating efficiency of the CEGS, and the problem 
associated with multiple energy conversions within the same hybrid system. Indirect 
losses within the CEGS can be accounted for by: i) the low power output of the wind 
turbines due to the low mean wind speed (4.8m!s) ii) an estimated 9% loss in PV array 
output due to misalignment of the array and maintaining a fixed tilt angle throughout the 
year. 
To simplify the modelling process, the CHP is modelled as a 1SkW AC generator. 
Though this is adequate when simply considering the electrical energy distribution of the 
CEGS, it does neglect the CHP thermal output (38kW maximum), which has a significant 
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input into satisfying the heating demand of the farm house. Consequently, any further 
development of the model requires the inclusion of the thermal output of not only the 
CHP, but also the solar thermal collector and the heat pump, both of which contribute to 
the heating and hot water demand of the farm house. Due to the present limitation of 
SOMES, the two 12kW inverters have been modelled as a single 24kW inverter. Though 
this enables the total load to be modelled it does not differentiate between the different 
load demand on each inverter and the time at which they occur. 
The lack of reliable and insufficient meteorological data at WBF necessitated the 
correlation with the Sutton Bonington Weather Station. The modelled annual energy 
outputs from both the PV array and the wind turbines are both within ±4% of the 
monitored values, thus giving confidence to the correlation methods used. 
Throughout the model the time-step used is one hour, and the energy generated by each 
component is assumed to be constant for that hour. For a quasi-steady state model, such 
as SOMES, this is a reasonable assumption, but in reality the CHP run time will vary 
dependent on the battery capacity and the load demand. This limitation is only overcome 
by reducing the time step to a value less than the typical run time of the CHP and in 
doing so the model will change from a quasi-steady state one to a more dynamic model. 
As part of the research project a data monitoring system has been installed and 
commissioned, to record all the energy input and output of all the components that 
comprise the CEGS. The only parameters that are presently excluded are the 
measurement of the in-plane solar irradiance and the wind speed. Though the omission 
of these parameters has not prevented the CEGS from being modelled, it has however put 
a premium on the availability and accuracy of external meteorological data. If research 
is to continue on the CEGS, than the infrastructure is in place for the CEGS to be 
modelled on a much shorter time step. With the present configuration a realistic 
minimum time step is one minute, whilst if a shorter time step is required for more 
dynamic results, the number of channels being monitored needs to be reduced. 
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Modification of the CEGS to SCC control is incomplete, though the hardware is now in 
place for this to happen. This caused a problem in validating the computer model as data 
from the CEGS using a SCC control was unavailable. The validation of the model 
therefore used data available from the voltage control strategy and the results obtained 
are sufficiently encouraging to give confidence in the predictive results for the long term 
performance of the CEGS, as modelled in its present configuration, and also for the other 
configurations modelled. Greatest accuracy is observed for the energy distribution on the 
AC part of the CEGS, which is to be expected, as this is the part of the system which is 
most alike in operation for both control strategies. 
From the simulation results for all three control strategies modelled, it is apparent that 
SCC control requires less frequent cycling of the ClIP. The effect of this however is that 
once started the CHP will run for a longer period of time, and by doing so will possibly 
generate too much heat. This highlights the problem associated with using a CHP in this 
application. Though the operating efficiency of the ClIP is high, when full use can be 
made of the thermal output, it is lowered when: i) the thermal energy is unable to be 
completely used and ii) it runs intermittently. In a typical hybrid system there is often a 
minimum run time imposed upon the diesel generator, in an attempt to reduce the cycling 
and the wear due to frequent starting. This is difficult when using a ClIP due to the 
problem associated with excess heat generation. Diesel generators are more common in 
hybrid systems, whilst a ClIP is more suited to applications where there is a continuous 
demand for both the electrical and thermal output (e.g. swimming pools, hospitals, etc). 
The three system configurations modelled, are those which can be easily implemented 
into the CEGS. Though the existing system, using SCC control, does reduce the running 
time of the ClIP, it is envisaged that problems will occur with the generation of too much 
thermal output from the ClIP. The grid-connected strategy overcomes this problem by 
greatly reducing the run time of the CHP, whilst on the other hand the autonomous 
strategy exasperates it, by only using the ClIP as the source of energy for supplementing 
the battery and PV array in satisfYing the load demand. 
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The CEGS was never intended to be economically viable, as the research has highlighted, 
and it is very much a system that reflects the enthusiasm and dedication of the owner to 
make a positive effort towards reducing environmental damage from energy usage. 
Though the capital investment has been high and the financial return poor, for this 
particular hybrid system, there is however a return that cannot be easily quantified and 
that is in the investment in time and resource. In this way access has been made available 
to not only academic institutions for research purposes, but also to other interested 
organisations and individuals who are interested to see what alternative ways there are 
to the generation of both electrical and thermal energy. 
Understanding of the operation and control of hybrid systems is continuously developing 
as research in this field progresses and more systems are installed. This research project 
is an important part of this process as it highlights the difficulty associated with the 
complexity of operation when there are multiple energy generating sources (both 
electrical and thermal) within the same hybrid system. It also highlights the operating and 
economic problems associated with the duplicity of energy storage in a hybrid system 
that operates in both an autonomous and grid-connected mode. The significance of this 
analysis is that the CEGS is now understood to a much greater detail than was previously 
possible and has highlighted the problems associated with a voltage-controlled hybrid 
system. It also demonstrates the benefits of moving over to a SOC control and the excess 
CHP thermal heat associated with this. 
From the research project there are several recommendations to further develop the 
understanding of the CEGS: 
i) Complete the transition to SOC control. 
ii) Install a weather station to' provide on-site monitoring of all the necessary 
meteorological parameters that are required for the model (i.e. solar irradiance on the 
horizontal and also in the plane of the solar array, wind speed, wind direction). 
Consequently there is no reliance on other parties for such data. 
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iii) Reduce the time step of the computer model from 1 hour to a more dynamic time step 
(1 min - 10 min), to enable the switching of the CHP to be more accurately modelled. 
iv) Alter the PV array tilt angle between summer and winter settings or at each equinox 
to maximize the energy output. 
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10.1 RENEWABLE ENERGY POWER SYSTEM 
AN OPERA TING EXPERIENCE 
D Child, A Marmont, I R Smith, V V Vadher, J G Kettleborough 
Loughborough University 
ABSTRACT 
Work began in 1988 on an integrated renewable energy system to supply West 
8eacon Farm with its electricity demand. Initially this comprised a 3kWp solar array 
and a 4kW wind turbine and a major expansion took place in 1989 with the additIon 
of a 1 OkW wind turbine, a second 3kWp solar array and a combined heat and power 
(CHP) unit. The generating capac>ty of the system was brought to its present level 
in 1990, by the replacement of the 4kW and 1 OkW wind turbines by two 30kW units. 
Energy storage for the system IS avadable In a 120v 1200Ah battery, consisting of 
54 series· connected lead·acld cells The 6kWp solar array IS connected dllectly 
across the battery The electrical output from the CHP unit is fed 10 the battery 
through a battery charger, VVl!h the waste heat being used 10 provide hot water and 
"c",:ing for the farm As a consequence of the Non Fossil Fuel Obligation the majorITy 
.e wind turbine output is now exported to the grid, whilst the remainder is used 
to add charge to the batteries. If necessary, off-peak energy can be impolled from 
the local elect"clly supply to provide charging at off-peak times. 
The paper presents an analysIs of the contllbution of each of the energy sources to 
the system, based on data which has been collected daily for sev~ral years. This has 
been used in the development of a mathematical model for the system, which is 
continuously being updated and refined, and is capable of assessing the performance 
under a wide variety of operating conditions. In particular, the model is being used 
in the real time analysis and optimisation of the energy balance throughout the 
system, 
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INTRODUCTION 
The integrated energy generation installation at West Beacon Farm has been operating 
in its present configuration since August 1990. Usage of the system has evolved 
over a number of years, during which time much has been learnt about the tecnnical, 
operational and legal problems of the rapidly developing renewable energy industry. 
The system has been developed on a purely idealogical basis, rather than as a 
commercial enterprise. This has enabled at least two academic institutions to carry 
out research on the system and has provided many other people with the opportunity 
to become acquainted witn a fully· integrated system in an area of the country not 
generally recognised for its renewable energy resources. As a consequence of 
research currently being undertaken, it is enVisaged that similar but possibly mobile 
hybrid solar· wind systems may be developed on a commercial basis. 
Daily readings of the energy levels in the system have been taken Since the first 
configuration was established in 1988 The present paper records however dete"I, 
of the operational characteristics of the system only since January 1 991. Sine. 
the system configuration has remained unchanged. 
OPERATIONAL PERFORMANCE 
There are four sources of electrical energy available to the integrated system: wind 
turbines, solar arrays lor photovoltaiC cells), combined heat and power ICHPI and grid 
import. The amount that each of these contributes to the syStem is naturally 
dependant on the time of both the day and the year. 
Throughout 1991 the wind turbines supplied energy to the farm and exported 
simultaneously to the grid. The introduction of the NFFO ( Non Fossil Fuel Obligation), 
in January 1992 ~rovided a financial incentive for all generators of renewable energy 
to export as much of their energy as possible. Because of this the operating strategy 
and the configuration of the syStem were modified, to take advantage of the 
considerable financial incentive which was obtainable. The NFFO has only affected 
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the energy produced by the wind turbines as these are directly connected to the grid. 
The solar array output at present is unable to be sold to the grid under the terms of 
the NFFO. 
Presently there are two modes of operation of the system as illustrated by Figs 1 and 
2. Night-time operation (0030-0730) (see Fig 1) permits electricity to be imported 
from the grid on the cheaper night-time tariff if there is no wind power. 
i.e If W < L then L - W = G ( Import) 
Where G = Grid 
L = Load Demand 
W = Wind Energy 
If the available wind energy exceeds the load demand, the balance is exported to the 
grid. 
i.e If W > L then W - L = G I Export ) 
Day-time operation of the systemI0730-0030! (see Fig 21 allows all the wind energy 
to be exported, while the output from the solar array IS fed d,reCtly to the D C busbar 
and used to supply the load and also the battery. If the load IS such that the 
combined energy output of the solar array and the battery IS insufficient to meet the 
demand, then the CHP will cut in when the battery voltage reaches its lower threshold 
voltage of 108 V. It will cut out again when the battery voltage has reached its upper 
threshold voltage of 127 V. 
The effect of the change brought about in operation ol the system by the intrOduction 
of the NFFO is illustrated by Fig 3, which shows that the daytime CHP usage has 
increased significantly. This is the direct consequence of about 75% of the wind 
energy generated now being exported to the grid and the CHP having to supply the 
load demand during the daytime period. 
DISCUSSION OF RESULTS 
Fig 4 shows that the amount of renewable energy produced at West Beacon Farm, is 
enough for the farm 10 become self suffiCient if energy storage is prOVided for periods 
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of low renewable energy output e.g May 1991 and June 1992. The figure shows 
that there is a large difference between the renewable energy produced and that 
required during the winter months. but that this is reduced in the summer months 
when the wind speeds drop and the output of the turbines is correspondingly reduced. 
The farm load has remained practically constant. with only a 1 % reduction from 1991 
to 1992. whilst the renewable energy output has increased slightly by 5%. 
Fig 5 illustrates the ratio between the energy inputs to the system and the farm load. 
The graphs fOllow a similar trend. with the average ratio of 1.4 for both years 
suggesting that the system has remained reasonably stable over the past two years. 
The current load balance of 1.3 would appear to support thiS point. 
Calculation of the operating efficiency of the CHP has only been possible since July 
1992. as prior to this date the propane supply to the unit was nOT meTered. The 
subsequenT monthly efficiencies up TO May 1993 have been been calculated at about 
88%. which is slighTly lower Than the manufacturers STaTed figure of 93%. 
CAPACITY FACTOR 
The CapaciTy Factor of a renewable energy SOurce IS defined as 
CapaciTy FaCTor = Energy OuTPut:Maximum Available Energy 
It is arguable ThaT the maximum energy output of a solar array is ITS rated power 
OUTPUT mulTiplied by 24 hours. However. since a solar array produces minimal power 
at night. the maximum available energy is defined as 6kWp Isolar array maximum 
power rating} multiplied by the dayhours for that month. Dayhours are defined as the 
hours between sunrise and sunset for the solar array tilt angle 1300 at West Beacon 
Farm} and the site latitude 152.30 North). This figure has been calculated for each day 
of the year and as it is a function of the daynumber. it has also been necessary to 
calculate the figure for a leap year. For the wind turbines it is reasonable for their 
maximum energy OUTPut to be cal~ulated as 50kW (wind turbine maximum power 
raTing) multiplied by 24 hours. as The wind could blow conSTantly for 24 hours. The 
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average Capacity Factor for 1991 and 1992 for the solar array is 15% and 11.5% for 
the wind turbines_ 
COST ESTIMATES 
The outputs from both renewable energy sources have remained reasonably constant 
over the past two years, with the solar array generating about 3500 kWh p.a and the 
wind turbines about 50000 kWh p.a. Income received so far from selling wind energy 
has been (2700 in 1991 and (5300 in 1992. With the current NFFO pricing 
structure, it is anticipated that the income received for 1993 will be (5800. 
If the present price received for the wind energy remains constant and there is no 
significant increase in maintenance costs, then the payback period will be 15 years. 
assuming all wind energy is exported. With a higher Capacity Factor (i.e a windier site) 
the payback period would be reduced. If the energy from the solar array was able to 
be Sold under similar circumstances, than the predicted payback period is 53 years. 
Since the Installation of the forst solal array in 1988 and the addition of the second 
array in 1989. their lOtal energy prOduction has been 16759 kWh. With the capita) 
cost of the overall array being (22 000 and no maintenance costs incurred. the 
generating cost so far is (1.31/kWh. If however the lifetime of the solar array is 
conservatively estimated at 20 years, the predicted generating cost falls to 
CO.31/kWh. 
The total energy generated by the wind turbines since their Installation in August 
1990 has been 146669 kWh. With the capital COSt of the wind turbines being (60 
000 and maintenance costs totalling about (4500, the generating cost so far is 
(0.44/kWh. If the estimated life cycle of the wind turbines is 20 years and 
main~enance costs remain constant the predicted generating cost falls to £0.09!kWh. 
This figure should be compared with the present EMEB domestic tariff of 
£0.0764/kWh. 
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CONCLUSION 
Though data is presently recorded on a daily basis, the effect is providing only a series 
of snapshots in time of the energy system. To obtain a comprehensive understanding 
of the energy flows around the system, work is progressing on the installation of the 
real-time data monitoring system which is required for both technical and financial 
optimisation. 
The change in system confi9uration due to the financial incentive of the NFFO, has 
increased the income from the exported wind energy. This will continue until at least 
1998 when the present NFFO contract expires. It is clearly essential for the future 
development of the renewable energy industry that NFFO contracts are continued, as 
it is precisely this sort of financial incentive which will attract investors into the 
renewable energy field and enable small scale generation systems, such as that at 
West Beacon Farm, to become more operationally viable. 
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10.2 
;ontrol and optimization of a combined energy 
reneration system 
I. CHILD, BEng, I. R. SMITH, FEng 
oughborough University of Technology, UK 
(NOPSIS A local small-scale electrical generating system presently exports to the grid about SO% of the energy that it 
oduces from the wind. The remainder is used for domestic and farm purposes. Research is underway into the optimal control 
the system and the recent installation of comprehensive data monitoring equipment is providing a detailed real-lime 
alysis. 
nATION 
:, 
Battery Power Charge 
Battery Power Discharge 
Battery Charger Power [nput 
Battery Charger Power Output 
Chp Electrical Power Output 
Grid Power Export 
Grid Power Import 
Single Phase Inverter Power Input 
Three Phase [nverter Power Input 
DC Load Power Demand 
Solar Array Power Output 
Wind Turbines Power Output 
Battery Voltage 
~TRODUCTION 
Combined Energy Generation System (CEGS) at West 
con Farm (WBF). Loughborough. Leicestershire has 
"in operation since 1988. Loughborough University has 
1 involved in a number of projects involving the CEGS. 
I (he present research being concerned with the control 
egies required for the optimal operation of the system. 
; paper presents the operational characteristics and 
lOmic viability of_the CEGS and reports progress on the 
~Iopment of a long-term performance model of the 
lS. 
{STEM DESCRIPTION 
CEGS has undergone several major changes since its 
prion in 1988. The present arrangement has been in 
arion since August 1991. in the form shown in the 
malic diagram of Figure I. 
2. [ Wind Turbines 
The two wind turbines of Figure I are Carter Wind Systems 
25kW (CWS25) machines. Their rated output is obtained at 
a wind speed of 12m/s. with a peak of 30kW being obtained 
at a wind speed of 13-ISrnls. The CWS25 has a fixed 
speed. stall-regulated rotor with a radius of Srn. ar a lOwer 
height of ISm. 
The turbines rotate about a horizontal axis at a fixed 
speed of 120r/min and directly drive induction generators 
sited in the nacelle at the top of each tower. The 3-phase 
41SV output from the generators is fed via slip rings to the 
controller and switchgear located at the base of each tower. 
The CEGS is configured so that the CWS25 output is able 
to supply the farm load and to export any surplus to the 
grid. A 415V/llkV transformer connects the generators (0 
the grid. 
The CWS25 are fully automatic. but have the facility 
for being monitored and manually controlled. from either 
the controller or onc of two computers located on the farm. 
2.2 Solar Array 
The solar array of Figure ! consists of an Arco LII PV 
2.S6kWp 54 module sub array and a parallel connected 
Solarex SX 110 3kWp 81 module sub array. The array faces 
16" south-eaSl and is se! at a tilt angle of 30" to the 
horizontal. 
The electrical output from the solar array is nominally 
IIOV and is fed directly to the DC busbar. 
2.3 Combined Heat and Power Unit 
The combined heat and power unit (chp) consists of a Piat 
Uno 900cc propane fired engine driving an induction 
generator. As the chp operates independently of the grid. it 
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is connected in parallel with a capacitor bank to provide the 
reactive power required for excitation. 
The 3-phase 415V electrical output from the chp is fed 
through a battery charger to the D.C busbar. The thermal 
output is heat recovered from the cooling water, exhaust, 
generator casing and lubricating 011 of the chp and is used 
to provide hot water for central heating. 
2.4 Battery 
The battery is a Tudor-Sonnak lead acid tubular plate 
battery consisting of 55-series connected cells and with a 
nameplate capacity of I 260Ah (24hr discharge rate). During 
charging forced ventilation safely removes any hydrogen gas 
released. 
2.5 Inverters 
2.5.1 Single-Phase Inverter 
The single-phase inverter is a Borri 12kV A CPS 
Uninterruptible Power Supply (UPS). In a standard UPS. a 
'cc(ifier/charger )nitially transforms the incoming mains 
,upply into regula[ed DC. This is then used to meet 
iimultaneously the power requirements of the inverter and 
!Iso to charge a battery used to maintain power to the 
nverter in the event of a mains failure. 
At WBF the pulse width modula[ed inverter is supplied 
'y [he Tudor-Sonnak battery. the UPS battery and rectifier 
laving previously been removed. A static switch and 
nanual bypass provide isolation for the inverter from the 
lattery, by connecting the load directly to the grid. 
.5.2 Three-Phase Inverter 
'he 3 phase inverter is a Borri 12kV A ET UPS. Its mode 
f operation is the same as the single phase inverter. 
.6 Battery Charger 
he battery charger is a Morrison 3ECPllIO/150 constant 
Jltage charger. It has a maximum output of 160A and the 
larging voltage can be adjusted between float and boost 
:ttings (126V-146V). 
7 Electric Car 
Ithough not part of the CEGS the Solectria Force electric 
lr of Figure I is charged overnight from the system. h has 
Tudor 120V lead acid battery pack that drives through a 
phase inverter a 24kW induction motor, with the facility 
r regenerative braking. It has 150W of photovoltaic panels 
led on the roof and the bonnet of the car. to provide 
luery charging. 
SYSTEM OPERATION 
le contribution of each of the four energy sources (wind, 
4 
solar. chp and grid) to [he CEGS is dependant on both the 
time of day and year. 
Throughout 1991. which was the first full year of wind 
energy generation of the CWS25. they simultaneously 
supplied energy to the farm and exported to the grid. In 
January 1992. a contract under the NFFO provided the 
financial incentive to export as much of the wind energy 
generated as possible. Because of this. the operating strategy 
and configuration of the CEGS were modified (I). 
3.1 Day-Time Operation (0730-0030) 
All electrical power from the wind turbines is now exported. 
The farm load is supplied by the solar array and battery. 
provided that the battery voltage remains above a minimum 
threshold of 107V. At this voltage. 'he chp cuts in to supply 
the load and charge the battery and runs until the battery 
voltage is raised to its maximum threshold of 127V. 
This mode of operation of the system is dependant on 
the time of year, climatic conditions and instantaneous load. 
During the summer months of high solar insolation and 
minimum load, the solar array output may be more than 
sufficient to supply the load. with any excess power being 
used to charge the battery. To prevent overcharging, the 
batte.ry voltage is monitored and if it reaches a maximum 
threshold the solar array is disconnected. If [here is drifting 
cloud cover, the battery may cycle between charge and 
discharge throughout [he daylight hours. 
Power distribution within the CEGS is dependent on the 
time of day and the climatic Slale. Equati· 1\: :!t.:o"cribing this 
distribution during the day-time operatio; 
PG, = Pw 
PBCi Pc, 
PBCo T]sc Pc~ 
Pl.dc = P, + PBd VB > 107 V Ps < PL 
Pl.dc P, - P Bc VB > I07V P > , PL 
Pl.dc (Pc, -P Bc) + Ps VB < 107 V 
Pl.dc = Pili + P3/i 
3.2 Night-Time Operation (0030-0730) 
This allows electrical power to be imported from the grid on 
the cheaper night-time tariff if there is insufficient wind 
power to meet the system demand for load and battery 
charging. When the available wind power exceeds the 
system demand, the excess power is exported to the grid. 
If 'he available wind power equals the system demand. the 
power transfer with the grid is zero. 
Equations for power distribution within the CEGS 
during night-time operation are 
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PBCi (Pw - Pc) +- PCi 
Pc, = PB, +PUk - Pw Pw < PB, + PUk 
Pc, = Pw - (PB, + PLd) PW>PBc + PUk 
Pc, = 0 Pw = PB, + PUk 
PLdc P + P L, Lw 
" 
4 SYSTEM ECONOMICS 
4.1 Income Received 
The mean annual cost of imported electricity. propane and 
maintenance costs is £2500. With a mean annual income 
from exported electricity of £5200. the CEGS therefore 
produces a net annual income of £2750. 
4.2 Generating Cost 
With the CEGS developed on idealogical rather than 
~conomic grounds. the actual generating costs are somewhat 
1igher than might otherwise be the case. 
1.2.1 Wind Turbines 
rhe mean annual energy output of the CWS25 (1991-1993) 
s 50MWh. with about 80% being exported to the grid. 
\ssuming an investment period of 10 years and a 8% rate 
)f return the CWS25 generate at £0.2I1kWh. 
1.2.2 Solar Array 
'he mean annual energy output of the solar array (1991-
993) is 3.7MWh. Assuming the same investment terms as 
le CWS25. the solar array generates at £O.85IkWh. 
.2.3 Chp 
'he annual electrical and thermal energy outputs of the chp 
1993) is 12,9MWh and 34,6MWh respectively. at an 
fficiency of 80·85%. Assuming the same investment terms 
; the CWS25. the chp generates electricity at £O.171kWh 
ld produces hot water at £O,061kWh 
MODELLING 
n initial model of the CEGS was developed prior to the 
tange in system operation following the NFFO, This 
:termined the optimum configuration for maximising 
venue from electricity sold to the grid and was based on 
lily recorded system data, With the introduction of the 
FFO. the model effectively became redundant. The aim of 
the mathematical model presently being developed is 10 
provide a more detailed and accurate model of the CEGS. 
A joint collaboration between WBF and Loughborough 
University has provided the financing of comprehensive data 
monitoring facilities for the CEGS. This is being used for 
real time analysis of the CEGS and validation of the 
developing model. 
5.1 Solar Array 
The total monthly average daily solar insolation received by 
the solar array has been calculated using the model 
proposed by Liu and Jordan (2). However with the solar 
array facing 16° South-East. modifications to this are 
necessary as the sunrise and sunset hours are not 
symmetrical about solar noon. The Liu and Jordan model 
has therefore been modified by incorporating the 
recommendations due to Klein (3). Further modification was 
also required. as the model assumes that the ground 
surronding the solar array is flat (Le the sun rises and sets 
at 90" 10 the solar array). AI WBF Ihe solar array is side on 
to a large forested area and the shading effects of Ihis in 
delaying the time that the solar array sees the sun in the 
morning have to be considered. To determine this time. an 
azimuth-altitude chart was developed for WBF. with the 
shading line for WBF superimposed. The times of sunrise 
and sunset. as seen by the solar array. is now determined by 
the intersection of the azimuth~altitude chart and the shading 
line (4). 
The model requires an input of the actual solar 
insolation received on a horizontal surface at the specific 
site being modelled. Prescnlly there is no facility for this al 
WBF. and the data was therefore taken from the 
Meteorological Office Wealher Station al Nottingham 
University, (Sutton Bonnington campus). Though site 
conditions are different. the inclusion of this data allows a 
first approximation of the solar radiation received by the 
solar array to be made. 
The ampere-hour output from the solar array is 
monitored and its operating voltage is determined by the 
load, which can vary between 107V and I27V. An assumed 
nominal voltage of 120V is used in the daily energy 
calculations and in the model 10 date. The efficiency of Ihe 
solar array ( electrical energy generated as a fraction of the 
solar energy received) using these two parameters has been 
calculated and the conversion efficiency is 8,9% (+1- 1.3%). 
To minimse the error of separately sourced solar insolation 
data a pyranometer is to be installed. 
To develop a basis for comparing the performance of 
the solar array with other renewable energy sources. its 
capacity factor has been defined as the electrical energy 
generated as a fraction of the maximum available solar 
energy. As a solar array produces minimal power at night. 
the maximum available solar energy is defined as the 
maximum power rating of the solar array (6kWp @ WBF) 
mUltiplied by the dayhours for that month. Dayhours are 
defined as the hours between sunrise and sunset and for 
1991-1993 the mean capacity factor was 14%. 
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;.2 Battery 
rhe State of Charge (SOC) of a lead·acid battery can be 
,stimated by calculating the net flow of current to the 
.. ttery, whilst taking account of the charge and discharge 
ffic::iencies. This approach of summation of energy transfers 
) and from the battery, is the basis of the energy transfer 
lodel which being used for the battery modelling (5,6). 
During charging, the change in the battery sac between 
mes t and t+l is given by 
E
cltg SOC,.! = SOC, + !]chg 
C 
imilarly during discharging, the change in the battery SOC 
given by 
lere 
;hg 
khg 
hg 
om 
SOC, -
; charging efficiency 
; discharging efficiency 
; Ampere-hours added to battery 
:::; Ampere-hours removed from battery 
; Battery capacity 
The charge and discharge efficiencies are dependant on 
, SOC of the battery at a particular point in time. The 
IC of the battery has recentl y been determined by a 
lstanl current discharge test at the Cl 0 rale and was 
Ind to be at 74% of the rated capacity i.e 932Ah. Two 
Is failed during the discharge test and have subsequently 
'n replaced. 
Data Monitoring 
part of the data monitoring equipment. a bauery monitor 
been installed. This records each individual cell voltage, 
ery voJ[age, charge/discharge current and the ambient 
perature. Figures 2 and 3 show 24 hour plots of the 
ery's current and voltage respectively. illustrating the 
uent cyclic operating condition of the battery_ 
Daily readings of the CEGS have always been taken 
their interpretation provides understanding of the energy 
nee within the CEGS. The contribution of each of the 
!rent energy sources in supplying the load demand is 
trated in Figure 4. A comparison of the total renewable 
'gy generated and the load demand is shown in Figure 
'hilst Figures 6,7 and 8 show the daily output of the 
t turbines,solar array and chp respectively. Figure 9 
pares the load demand against the total of the energy 
ts into the CEGS. 
6 CONCLUSION 
After initial detailed analysis of the CEGS operation, the 
development of a new mathematical model is now 
progressing. With data-monitoring equipment installed real-
time analysis of the CEGS is now possible and will validate 
the completed model. 
Though the CEGS is not financially profitable. it has 
increased the awareness of many people to the feasability of 
small hybrid sySlems and the contribution that they can 
bring to our energy demand. 
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10.3 MODELLING OF THE ENERGY DISTRIBUTION WITHIN A GRID 
CONNECTED WIND-SOLAR-CHP-BATTERY SYSTEM 
D Child. BEng and I R Smith. FEng 
Loughborough University of Technology. England. 
ABSTRACT 
Recent modelling work of (he energy distribUlion of a. local small-
scale combined encrgy generation system (CEGS) has been based on 
the Dutch SOMES code. This is presently being revised a( 
Loughborough UniversilY. 10 renecr more closely the op=rating 
conditions of (he cecs and 10 f.1cilila[c overall control op(imisation. 
Data monitoring equipment has been installed 10 provide validation 
data (or the model and rt.a.l.(ime analysis of the system. This paper 
presents {he opera!ionaJ ch.uactenSlics of the CEGS and explains 
progress with the system modelling. 
I INTRODUCTION 
For grid-c.onnectcd hybrid systems. revenue may be earned by 
exporting the renewable energy geOCl"3J:ed (0 the grid. undct the terms 
of a Non-Fossil Pud Obligatioo (NFFO) conrnct. This is the case a.( 
West. Beacon Farm, Loughborough. Lcicestcnhirt: where the pcescnl 
operating and control stralegy of (he wind-solar-chp-battery system. 
is based. nO( just on security of supply, as for an aUlonomous hybrid 
system, but also on the revenue generated through the NFFU 
contract. 
The COOS has been in operation since 1988. though lhc prcsenl 
system coofigucation was esublishcd in August 1991. Loughborough 
Univcniry has been involved iD a number of rcscarch projects on the 
CEGS, with the present research dit:ecccd towards the coalrol 
strategies requuro for the optjrnaJ operation of the system. 
2 SYSTEM DESCRIPTION 
TIle CEGS ronsiru of three clecoicaJ energy generating sources • 
two 25 k.W Carter wind turbines. a 6 kWp (ArcolSo~x) SOIM array 
and a IS kW Bi.lIim CHP uoil. About &0% of the wind energy 
gencnled is sold 10 the grid and if n:quired is bought back during the 
cheapa off-pc.U: IAriff period (00:30-07:30). The grid "'=[0'" acts 
as a fann of cricrgy storage. Further energy storage is provided by 
a nominal 1260Ah Tudor·Sonnalc lcad acid battery ban~ sce Fig I. 
...... ,------, ...... _
Fig 1 : Daily Energy Dislribulion. 
Due (0 economic consider;uions the CEGS o~.ues aUlOnomously 
juring (he peolk lanff period (07:30·00:30) and becomes grid· 
:onncClcd during lhe off·peak !.ariff p=riod. 10 benefit from cheaPl=r 
race electricity. An evacuated (ube solar collector supplements (he 
domestic hQ( water circuit that is supplied from a heal: pU'r.~ ..... hilsl 
hc.tt recovered from the CHP supplements dlC C'enlral hc.l:';' !cui( 
dUI is aJso supplied from lhe heat pump. A fresh water I;!ke ~,in 
the grounds of WSF is used as (he low-grade heat source for Ihe . . ,.1l 
pump. 
The CEGS has been self·financed and therefore no loan capi(aJ has 
had (0 be raised. For most hybrid schemes. capital will need to be 
raised and so (he generat:ing cOS( shown for each energy source tales 
this into account (eg loan period. interest rale). 
Wind Turbines 
lhc two wind turbines an:. Carter Wind Systems 25kW (CWS25) 
machloa;. Tbcic rated output is obtained at a wind speed of 12m1s. 
with a peak of 30kW being obtained a.( a wind speed of 13-ISm/s. 
The CWS25 has a fixed speed, rtaIJ·regula1ed ll)(or wilh a radius of 
Srn. a( a tower height of ISm. The turbines roUle about a horizontal 
axis at: a fixed spc:ed of 120r/min and dicectJy drive induction 
gcne:ra1OfS sited in the nacelle at the top of C3Ch (ower. The J-phasc 
4lSV output from the generators is fcd via slip rings (0 the controller 
and Mtchgear located It the: base of uch (ower. A 415V1IIk:V 
transformer con.nects; the gcnct'3tors to the grid. 
1be COOS is; coofiguced w that the CWS25 output is able to export 
all o.f its o(nput (0 the grid during the peak tariff period. The load 
dern..and being met by the battery. CHP Md solar AfTIIy. During lhe 
off·peak Wiff period the CWS25 and grid run in patallel. Any wind 
ener-gy that is gencrned is used to supplement the load demand and 
any surplus is exported to the grid. 
1llC mean annual energy output of the CWS25 (1991-1993) is 
50MWh. with about 40MWh being expoltcd to the grid. Assuming 
an investment period of 10 ycat'S and a 8% rate of return the CWS2S 
genentc.a1 ro.21Ik:Wh. 
Solar Array 
1llC solar array faces 160 south-east and is sel at a tilt angle of 30' 
10 the h..'lrizontal and consists of an Arro LlI pV 2.86kWp 54 module 
sub array and a parallel connected Solarcx SXIIO 3k:Wp 81 module 
sub array. Each ARCO solar panel consists of 9 monocrystalline 
modules (12V @ 53Wp each) and each Solan:x panel consists of 9 
polyaystaIlinc modules (l2V @ 37Wp). Bodt types. of panel have 
lhe modules connected in series to provide a panel voltage of 10av. 
Each module within each panel has a blocking diode fitted 10 prevent 
reverse current flow. 
The arny is split into 4 sub-arrays. 2 ARCO sub·arrays each having 
3 panels and 2 Solarex sub-am.ys having 4 and 5 panels 
respectively.The pancls that comprise each sub-irray arc connected 
in par.aUel at a junction box and aJl four sub-arrays are connected in 
parallel at the DC busbat. An isolating switch and voltage R:gulalor 
is provided for each sub-array. 11le voltage regulator oa each sub-
array is designed to limit the voltage (har the solar array operatcs at, 
as (he open circuit voltage of ,he solar 3fT<Iy is about 180·J90V. 
1ne mean annuaJ energy output of (he solar array (1991-1993) is 
3.7MWh. Assuming ~he same inveSlrl'lenl (elmS as the CWS25. lhe 
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solar array generales at £O.85/kWh. 
Combined f{~3t and Pow~r Unic 
1nc CHP consislS o( a Fiat Uno 900cc propane fired engine driving 
an induction generalor. As the CHP opcra!es independently of che 
grid. ic is connected in paralld with. capacitor bank co provide the 
reactive power required (or exciution. 
1bc J·phas.c 415V electric.ll OUlput (rom the CHP is (cd Ihrough a 
bal:lcry charger 10 che DC bus~. 1hc Ihcnn..a.i output is heal 
recovered (rom the cooling waler. extuust. generator casing and 
lubricating oil o( (he CHP and is used 10 provide hoc: water (or 
centraf heating. TIle operating efficiency being obtained (rom the 
CHP is within the range o( 85% - 95%. which when compared to a 
dieseJ generator operating efficiency o( 38% (I J is extremely 
(avour.:able. 
1bc annual deariCo1I and thennai energy output o( Ihe CHP (1993) 
is 12.9MWh and 34.6MWh respectively. Assuming the same 
investment terms as the CWS25. the Q-fp generaleS electricity at 
W.171k.Wh and produces hot water at ffi.06/\:;Wh 
BancI")' 
TIle banery is a Tudor-Sonnak. kad acid tubular plate bartery 
consisting o( 55-series COOnocled cdls. It M a nameplate c.apxily 
o( I260Ah (24hr disch.arge nte). though a ~t constant c::urrcnl 
disclw"ge test established that the battery w.te-o(-ch:arge (SOC) was 
14%. 
Single-Phase Invertt::r 
The ~ingle""phase invetter is a Borri 12kVA CPS UnintemJptible 
Power Supply (UPS). In a 6UndMd UPS. a I"CCtirlCtlclw-get initially 
transforms the incoming mains ~upply into regulated DC. This is 
then used to meet simww.eou.dy the powec requirernl=nts of the 
inYata" and aIw to charge a battay used to maintain po'lr'a" to the 
inverter iD the eveot of a mains failure. 
At WBF the pu1.SIe width modulA1ed inverter is ~upplied by the 
Tudoc-Somak ~. the UPS ~ and roctifia having 
p<eviously boeo removed. A .u6c ~'ch and manual bypass provide 
isotatioa (or the inverter (rom the battery. by connecting the load 
directly to the grid. 
1'hree-Pbue Ioyerter 
The J pba:se inverter is • Borri 12kVA ET UPS. Its mode of 
opcntioa is dle pm:. as the singie phase invertet. 
Baatty Oargu 
The battay dwgt:r is a Morrisoo 3ECP/II0IlSO coruUn( voltage 
charger. It has a maximum output of 160A and the charging voltage 
can be adjuseed between float and boose ~ings (126V-I46V). 
3 SYSTI:M OPERATION 
The contribution of each of the (our enecgy soura:s (wind. solar. 
CHP and grid) to [he CEGS is <kpend.tnt on both the time of day 
and )'ear. sce Fig 2. 1be sow array output follows the expec:ted 
curve with the max.imum ourput in the sumtnc( when the ~un is at its 
highest altitude and the solar radiation (ailing onto the solar array is 
at its maximum. lbe CHP curve follows. the inverse of the solar 
atnly curve. During the winter the load demand is at its maximum 
and the solar Imly output is at its minimum. There(ore the CliP has 
10 supply the atra load demand during the peak tariff period. 
Convem:ly the CHI' outpUI is AI & minimum during the summa 
when the load demand is at iu minimum and the solar array output 
is at ils maximum. The wind turbines and the grid are in paraJlel 
during the o(f·peak period. so consc.quenlly their curves are 
effectively mirror images of each other. 
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Fig 2 : 1993 Energy Distribution 
TIu-oughout 199L which wa. .. (he first (ull year of wind energy 
generation of the CWS25.they simultaneously supplied energy la the 
(.urn and exported 10 the g:id. In January 1992. a contract under the 
NFFO provided the financial incentive 10 export as much of lhe wind 
energy generated as possible. Ek.cause of this. lhe operating strategy 
and configuration of the CEGS were modified : 
Peak Taritr Opention (07J!).O():ro) 
AJI ekctricaJ power (rom the wind turbines is eJ:ported to the grid. 
l1w: load demand is ~upplied by the sol.1( Affily and battery. provided 
that the baaery voltage ranains above a minimum threshold of I (flV. 
At this voltage. the Qip cuu in 10 supply the 104d and charge the 
banety and runs until the battery voluge is raised to its maximum 
Ih=hold of 121V. 
This mode of opention o( the ')"'tem is dependant on the time of 
year. di..maric cooditioru and instantaneous load. During Ok"; i~':~~~~f" 
rnoalhs of IDgh soIM iruoU<ion and minimum load demand. . 
array output may be man: than sufficient to cupply the load. ~." 
excess po'II"'a" being used 10 charge thc battcty. If there is u.-.~.: 
cloud co ...... !he banay may cycle bctwttu cIwge and dischv. 
tIuoughou! !he <byligh' OOu". 
---
Fig 3 : Peak. Tariff DC Energy Distribution. 
Frequent cycling oC the CHP. controlled by the battery voltage. 
oc::cun as it ~u:pplements the peak. tariff load demand that is being 
met by the ~ and !he solar ""'y. The cycle frequency.length 
and depth is depc:odeo[ OQ the climate and the time of year. Peak 
cycling 0CCtU1 iD [he winter when the load is at its maximum and the 
lOlar a.rray output is at its minimum (eg 20-25 cycles of the Q-IP in 
a 17 hour period., with each cyde lasting between 5-20 minutes). 
Considering thaJ: the battery is less then 7 years old. the SOC is low 
10 that what might be expected for a battery of Ihis age 
(Manu(acturers expected lifetime being 12·15 years). "'The reason (or 
this is that battery charging is controlled by the battery voltage rather 
lhen the battery SOC. In other words it does not take into 
consider:alion whether or nOI there is sufficient charge within the 
b:mery 10 supply aJVpart of Ihc load dl!mand without having (0 run 
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the CHP~ Thus, if the b.attery was at a high SOC and a large load 
started (eg heal pump· 4kW) the battery voluge would drop and if 
it fell below the minimum threshold voltage for lhe controller then 
the CHP would start. On wind-diesel systems it is common practice 
to use the SQC as the detcnnining vaJue for the charge controller (2). 
Also the battery has gradually ~waJked down" its capacity curve over 
the yean, in that the battery has been charged less than what it has 
been discharged. During charging forced ventilation safely removes 
any hydrogen gas released. 
Off-Peak Operation (0030-0730) 
This aJlows electricaJ power (0 be imported from the grid on the 
chcape:r off-peak tariff, if there is insufficient wind power to meet the 
load demand and banery charging. When the available wind power 
exceeds the system demand, the excess power is exported to the grid. 
If (he available wind power equals the system demand, the power 
t!<lnsfer with the grid is uro. 
----
fig 4 : Off-Peak Tariff DC Energy Distribution 
4 DATA MONITORING 
1be CEGS has evolved over a number of years and the main concern 
af the "aIt of the research was the incomplete monitoring of the 
energy distribution. To resolve this. joint coUaboratioa becween 
Loughborough University and West Beacon Farm has financed the 
installation of extensive daLa monitoring equipment. sce Fig S. 
Fig S : Data Monitoring System. 
1birteeo pulse output b"ansducen have been installed which monitor 
the energy flows (electrical, lhamal and fuel) into and out of the 
system components. Tbe pulses are fed via screened cable into a data 
acquisition unit and then via an RS232 connection to the computer 
where they are logged 00 an hourly basis. A daily file is generated 
which is imported ineo Excel for analysis of the energy distribution. 
A battery monitor has also been installed. This colleas each 
individual cell voltage (55 cells), ,pta! battery voltage. 
chargddischargc CtuTent and battery room temperature. Prior 10 the 
banery monitor being installed a constant current discharge test 
(lOOA for 10 hours) was carried out 10 establish the SOC of the 
battery. l1le monitor has the battery discharge curves written into the 
software so that the operating characteristics can be determined for 
the present discharge conditions. 
5 SYSTEM MODELLING 
Da.ta has bet:n recorded daily since 1988 and was initially used in the 
development of a mathematical model of the system. This model of 
the CEGS was developed prior 10 the change in system operation 
following the NFFO contrnct. Il modelled several diffen:nt system 
coofigutations and detennined the optimum configuration for 
maximising revenue from electricity sold to the grid. With the 
introduction of the NFFO controct this model effectively became 
redundant for the time being. 
More R:CCnl modelling work has been based on the Dutch SOMES 
code which is presently being revised at Loughborough University 
10 ref1ed the operating conditions adopted with regard to the NFFO 
contl'ad and (0 facililaJe overall conuol optimisation. The SOMES 
model has been developed 10 calculate the economically optimum 
configuration for a typical hybrid system whilst considering locaJ site 
conditions and the required elcC1ricity supply reliability. SOMES 
evaluates the performance using an hour by hour simulation of (he 
systems operation. 
The input data required for SOMES are the system load and 
meteorological data (insolalion. wind speed and amblenl 
temperature). For each system component the user must also specify 
various operating factors (eg outage period. expected life, 
maintetwlce cost C(c). Om bases with technical and economic 
d-etails of numerous pholovoh.aic modules. wind Iwbi~ baneries, 
dtesel genet'&f0C'S. muimum pctwcr point lr3clen: (MPPT1. invaten: 
and rectiftcrs are available within SOMES. 
During I: simulation run, input data is fed into the mode.Ilo calcula.te 
the hourly solu and wind energy that is available. 11lc hourlyenecgy 
distribution around the system is then calculated, with the energy 
flows being accumulafed over the !>imulation period. E.ac:b simulation 
rua cooc1udes with an anal)"'is of the operational and economic 
pafomw>ce of !he ryUem. 
Multiple simulation runs are available within SOMES. where a 
variable has its value dwtged (eg iovata' powct' output). An 
optimisation routine is also available that will search for. system 
configumion dw: coven: the load with a pre-defined re1iabiliry for 
the lowest eloc:tricily price. 
Due 10 the developmenl of the CEGS over a number of years and 10 
provide undemanding of the COOS operation to a g:re.alet depth. a 
toog tenn pafonnance model (I hour timo-step) was considernd most 
appropriate as an initial model of the tystem. Howevet' due 10 the 
high cydic operation of the CHP. where the CHP may ¥!'CU start and 
stop more than once in an hour. the model roay need to have the 
tiroe-uep reduced in the futu~ 10 reflect this operation.. 
ModeUing to d3l:e has concentrated on ca1culating the theoretical 
solar insolatioo incident upon the solar amy, battery SOC and 
~vising the SOMES rode to take into account the different system 
coofigur.arions at WBF. Initially written in Fortran the modd is now 
written in Turbo Pascal for compliance with the SOMES code. 
1be monthly average daily solar insolation received by the solar 
amy has been caJculafed using the modd proposed by L.iu and 
Jordan [3). However with the solar array facing 16- South-East. 
modifications Co this ace necessary as the sunrise and sunset OOuB 
are 00( symmetrical about solar noon. Tbe Uu and Jordan model has 
therefore been modified by incorporating the recorrunendations due 
to KJein [4]. 
11x: model requires an input of the actual solar insolation received on 
a horizontal surface at the specific site being modelled. Presently 
there is no facility for this at WBF, and the data was thaefore taken 
from the Meteorological Office Weather Station at Nottingham 
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University. (Sutlon Bonnington campus). Though sire conditions are 
different. the inclusion of this data allows a first approximation of Ihe 
solar radiation received by the solar array to be made. The efficiency 
of the solar array (electrica1 cnergy generated as a fraction of (he 
lheoretical solar energy received). has been caJculate4 and the 
conversion efficiency is 8.9% (+i- 1.3%). To minimise the error of 
separately soun::ed solar insolation data a pyranometer is 10 be 
installed. 
Bartery sac can be estimated by calculating the net now of current 
10 lhe banery. whilst taking accounl of the charge and discharge 
effidencies (5). This approach of summation of energy transfers to 
and from [he battery, forms part of an energy transfer model that is 
being developed prior to inclusion in the SOMES code. This model 
also uses a charge controller that initially supplies any energy to the 
load. wilh any excess being used for banery charging. 
During charging. the change in the battery SOC between limes t and 
1+1 is given by 
Similarly during discharging. the change in the battery SOC is given 
by 
where 
= charging efficiency 
= discharging efficiency 
= Ampere-hours added (0 battery 
= Arnpen:-houn removed from battery 
= Battery capacity 
The charge &Dd discharge efficiencics used are dependanl on the 
b~OC at a particular point in time. 
SOMES itself has a choice of two battery models. a simple efficiency 
model wllett: the (dis)charge efficiency is independent of the battery 
SOC and a complex model lhat is a derivative of the: Shepherd 
model. 
In modeJling the COOS at WSF it has been assumed that the CHP 
is a diesel genaalor with a maximum power output of 15kW. 
1ltough this does nO( take into account (he thermal enez-gy thaI is 
produced. it enables the system to be more easily modelled and 
allows a comparison to be made of the energy distribution against 
other similar hybrid systems. 
In Table I. the nominal battery capaciry is set at l44kWh which was 
the: value of the battery when it was installed at WBF. The houriy 
battery capacity I03kWh, is the known battery capacity and this 
changes after each simulation run. LowSwitchkWh and 
HighSwitchkWh arc: 60% SOC and 90% SOC respectively and ~ 
used as the switching points in the control strategy for controlling the 
(dis)charge cycle. The simulation period shown is the peak tariff 
period and so all wind is exponed. The load of 23kWh is met by 
2kWh (solar array), 4kWh (diesel) and I7kWh (battery). TIle surplus 
II kWh from the diesel is fed into the battery. Taking into account 
(dis)charge efficiencies, the battery SOC has reduced from 72% to 
65%. Values for ShedLoad and Shortage are given when the CEGS 
is unable to meet alVpat1 of the load demand. In Ihis instance load 
is shed unlil it malches the available energy input. If the load 
demand is still unable to be met then there: is a load shonage. 
Though these lerms are included in the model it is highly unlikely 
that this scen.1rio would ever happen .11 WOF. because of Ihe 
availability or the grid. 
Table I ; Simulation Program Output Values. 
Simulation Run : Hour I 
NomBalCap : 144 kWh 
HourlyBatCap : 103 kWh 
SlatcOfCharge : 72 % 
HouriyBatCapNew : 93 kWh 
BatCapChange :-lOkWh 
SlateOfOargeNew : 65 % 
SlateDischarge : 51 kWh 
LowSwitchkWh : 86 kWh 
HighSwitchkWh : 130 kWh 
OicselRunning : TRUE 
Inverterln : 23 kWh 
SolarArray : 2 kWh 
FromRectifier : 4 kWh 
FromStorage : 17 kWh 
ToStorage : 11 kWh 
ShedLo:id :OkWh 
Shortage : 0 kWh 
CONCLUSIONS 
Validatioo of the data monitoring equipment is nearly complde. with 
further monitoring points tieing installed onto the COOS to .assist 
with this. ModcJling of the CEGS that had already wen place is 
now being incorporated inlo a revised SOMES model, which will 
more accurately reOect the COOS and its mode of operalion. 
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SYNOPSIS 
Recenl modelling work of the energy distribution 
throughoul a local small·scale combined energy 
generation system (CEGS) has been based on the 
Dutch SOMES code. This is presently being 
revised at Loughborough University. 10 reflect 
more closely the operating conditions of the 
CEGS and 10 facilitate overall control 
optimisation. Extensive data moniloring 
equipmenl has been installed. to provide 
validation data for the model and to facilitate 
real-time analysis of the system. This paper 
presents the operational characteristics of the 
CEGS and explains progress with the system 
modelling. 
INTRODUCTION 
For grid-connected hybrid systems in the UK. 
revenue may be earned by exporting the 
renewable energy generated to the grid, under 
the terms of a Non·Fossil Fuel Obligation (NFFO) 
contract. This is the case at West Beacon Farm. 
(WBF). Loughborough. Leicestershire. where the 
present operating and control strategy of the 
wind-solar-combined heat and power (CHP)· 
battery system IS based not just on security of 
supply. as for an autonomous hybrid syslem, but 
also on the revenue generated Ihrough a NFFO 
contracl. 
The CEGS has existed since 1988. though the 
present configuration was finally established in 
August 1991. Loughborough University has been 
involved in a number of research projects on the 
system. with Ihe present research directed 
towards the control strategies required for optimal 
operation. 
SYSTEM DESCRtPTION 
The CEGS consists of three energy generaling 
sources - two 25 kW Carler (CWS25) wind 
turbines, a 6 kWp (ARCO/Solarex) solar array and 
a 15 kW Biklim CHP unil. Aboul 80% of the wind 
energy generated is sold to the local electricity 
authority and, if required, energy is bought back 
during Ihe cheaper off-peak tariff period (00:30-
07:30). The grid therefore acls as a form of 
energy storage, with further slorage provided by 
a 1260 Ah (nominal) Tudor-Sonnak lead acid 
battery bank, See Fig~re 1. 
Economic considerations dictate Ihat the 
CEGS operates aulonomously during the peak 
tariff period (07:30-00:30) and becomes grid-
connected during the off-peak lariff period, to 
benefit from cheaper rate electricity. An 
evacuated-tube solar collector supplemenls the 
domestic hot waler circuil that is supplied from a 
heat pump, whilst heat recovered from the CHP 
supplements the central heating circuit that is 
primarily fed from the heat pump. A fresh water 
lake within the grounds of WBF provides tile 
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Figure 1 Daily energy distribution. 
low·grade heat source required for the heat 
pump. 
The CEGS has been self·financed and no loan 
capilal has been required. However for most 
hybrid schemes, capital will need to be raised, 
and the generating cost given below for the 
different energy sources takes this into account 
(e.g. load period, interest rate). 
Wind turbines. Both wind turbines provide their 
25 kW rated output at a wind speed of 12 m/s, with 
a peak of 30 kW being obtained at a wind speed 
of 13-18 m/so The fixed speed, stall-regulated 
rotor has a radius of 5 m at a tower height of 18 m. 
The turbines rotate about a horizontal axis and 
drive induction generators sited in the nacelle at 
the top of each tower. The 3-phase 415 V output 
from the generators is fed via slip rings to the 
controller and switchgear located at the base of 
each tower. 
The CEGS is configured so that the wind 
turbine output can all be exported to the grid 
during the peak tariff period, with the load 
demand being met by the battery, CHP and solar 
1/1Q 
array. During the off-peak tariff period the 
turbines and grid run in parallel. Any wind energy 
generated is used to supplement the load 
demand, with any surplus being exported to the 
grid. 
The mean annual energy output of the wind 
turbines is 50 MWh (for 1991-1993), with about 
40 MWh being exported to the grid. Assuming an 
investment period of 10 years and a 8% rate of 
return the turbines generate at £0.21/kWh. 
Sofar array, The solar array faces 16° south-east 
and is set at a tilt angle of 30° to the horizontal, 
and consists of an ARCO L11 PV 2.86 kWp 54 
module sub array and a parallel-connected 
Solarex SXll0 3kWp 81 module sub array. Each 
ARCO solar panel consists of 9 monocrystalline 
modules (12V at 53Wp each) and each Solarex 
panel consists of 9 polycrystalline modules (12 V 
at 37Wp). The modules of both panels are 
series-connected to provide a panel voltage of 
108 V, with the modules of each panel being fitted 
with a blocking diode to prevent reverse current 
flow. The array is split into 4 sub-arrays, 2 ARCO 
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sub-arrays each with 3 panels and 2 Solarex 
sub-arrays with 4 and 5 panels respectively. The 
panels that comprise each sub-array are parallel-
connected at a junction box, with all four 
5ub-arrays parallel-connected at the DC bus bar. 
I\n isolating switch and voltage regulator is 
Drovided for each sub-array, with the regulator on 
9ach sub-array designed to limit the voltage that 
:he solar array operates at, as the open circuit 
,oltage of the solar array is about 180-190V. 
The mean annual energy output of the solar 
way (1991-1993) is 3.7 MWh. Assuming the 
,ame investment terms as the wind turbines, the 
>alar array generates at £0.85/kWh. 
~omined heat and power unit. The CHP consists 
)f a Fiat Uno 900 cc propane-fired engine driving 
lO induction generator. As the unit operates 
ndependently of the grid. it is parallel-connected 
o a capacitor bank which provides the reactive 
lower required for excitation. 
The 3-phase 415 V electrical output from the 
;HP is fed through a battery charger to the DC 
lusbar. The Ihermal output is heat recovered from 
he cooling water, exhaust. generator casing and 
ubricating oil of the CHP. and is used to provide 
lot water for cenlral heating. The operating 
Ifficiency obtained from the CHP is between 85% 
,nd 95%, which is extremely favourable when 
ompared with a diesel-generator operating 
fficiency of 38% [lJ. 
The annual electrical and thermal energy 
utputs of Ihe CHP (1993) are 12.9MWh and 
4.6 MWh respectively. Assuming the same 
lVestment terms as for the wind turbines, the 
:HP generates electricity at £0.17/kWh and 
rovides hot water at £0.06/kWh. 
:attery_ The battery is a Tudor-Sonnak lead acid 
Jbular plate battery with 55-series connected 
ells. It has a nominal capacity of 1260 Ah (24 h 
ischarge rate), though a recent constant-current 
ischarge test established that the battery 
late-ol-charge (SOC) has la lien to 74%. 
ingle-phase inverter_ The single-phase inverter 
a Power Systems International 12 kVA CPS 
ninterruptible Power Supply (UPS). In a 
:andard UPS, a rectifier/charger initially 
ansforms the incoming mains supply into 
'gulated DC. This is then used to meet 
multaneously the power requirements of the 
verter and to charge a battery used to maintain 
Dwer to the inverter in the event of a mains 
dlure. At WBF the pulse width modulated inverter 
supplied by the Tudor-Sonnak battery; the UPS 
3ttery and rectifier having previously been 
Imoved. A static switch and manual bypass 
'ovide isolation for the inverter from the battery, 
I connecting the load directly to the grid. 
Three-phase inverter_ The 3-phase inverter is a 
Power Systems International 12 kVA ET UPS. Its 
mode of operation is the same as the single phase 
inverter. 
Battery charger_ The battery charger is a 
Morrison 3ECP/l1 0/150 constant voltage charger. 
It has a maximum output of 160 A, with a charging 
voltage that can be adjusted between the float 
and boost settings of 126 V and 146 V. 
SYSTEM OPERATION 
The contribution of each of the four energy 
sources (wind, solar, CHP and grid) to the CEGS 
is dependant on both the time of day and year, as 
shown in Figure 2. The solar array output follows 
the expected curve, with the maximum output in 
the summer when the sun is at its highest altitude 
and the solar radiation falling on the solar array is 
at its maximum. The CHP curve follows the 
inverse of the solar array curve. During the winter 
the load demand is at its maximum and the solar 
array output at its minimum, with the CHP 
supplying the extra load demand during the peak 
tarrif period. Conversely, the CHP output is at a 
minimum during the summer when the load 
demand is at its minimum and the solar array 
output is at its maximum. The wind turbines and 
the grid are in parallel during the off-peak period, 
so that their energy variations are effectively 
mirror images of each other. 
Throughout 1991, which was the first full year 
of wind energy generation of the CWS25, they 
simultaneously supplied energy to the farm and 
exported to the grid. In January 1992, a contract 
under the NFFO provided the financial incentive 
to export as much of the wind energy generated 
as possible. Because of this, the operating 
strategy and configuration of the CEGS were 
modified as below. 
Peak tariff operations (07:30-00:30)_ All energy 
from the wind turbines is exported to the grid. The 
load demand is met by the solar array and 
battery, provided that the battery voltage remains 
above a minimum threshold of 107 V. At this 
voltage the CHP cuts in to supply the load and 
charge the battery, and it continues to run until 
the battery voltage is raised to its maximum 
threshold of 127 V. 
This mode of operation of the system is 
dependant on the time of year, climatic conditions 
and instantaneous load. During the summer 
months of high solar insolation and minimum load 
demand, the solar array output may be more than 
sufficient to supply the load, with any excess 
power being used to charge the battery. In the 
event of drifting cloud cover, the battery may 
cycle between charge and discharge throughout 
the daylight hours. 
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'igure 2 1993 energy distribution. 
Frequent cycling of the CHP. controlled by the 
lattery voltage. occurs as it supplements the 
leak tariff load demand that is being met by the 
,attery and the solar array. The cycle frequency. 
,ngth and depth of charge all depend on the 
limate and the time of year Peak cycling occurs 
1 the winter, when the toad is at its maximum and 
le solar array output at ils minimum (e.g. 20-25 
ycles of the CHP in a 17 -hour period, with each 
ycle lasting between 5-20 minutes). 
Considering that the battery is less than 7 
ears old, the State-of-Charge (SOC) is lower than 
'ould normally be expected, since the 
lanufacturers anticipated lifetime is 12-15 years. 
'ne likely reason for this is that battery charging 
. controlled by the battery voltage rather than the 
attery SOC. In other words, no account is taken 
I whether sufficient charge remains within the 
attery to supply all or part of the load demand 
without having to run the CHP. Thus, if the battery 
is at a high sac and a large load is started (e.g. 
the 4 kW heat pump) the battery voltage will drop, 
and if it falls below the minimum threshold voltage 
for the controller the CHP will start. In wind-diesel 
systems, it is common practice to use the SOC as 
the determining value for the charge controller 
[2). Further, the battery has gradually "walked 
down" its capacity curve over the years, in that it 
has been charged less than it has been 
discharged. During charging, forced ventilation 
safely removes any hydrogen gas released. 
Off-peak operation (00:30-07:30). This allows 
energy to be imported from the grid at the 
cheaper off-peak tariff, if there is insufficient wind 
power to meet the load demand and battery 
charging. If the available wind power exceeds the 
system demand, the excess power is exported to 
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Figure 3 Peak tariff OC energy distribution. 
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'igure 4 Off-Peak tariff DC energy distribution. 
le grid. When the available wind power equals 
le system demand, the power transfer with the 
rid is zero. 
lATA MONITORING 
he CEGS has evolved over a number of years 
nd the main concern at the start of the research 
'as the incomplete monitoring of the energy 
istribution. To resolve this a joint collaboration 
etween Loughborough University and West 
eacon Farm has financed the installation of the 
xtensive data monitoring equipment, shown in 
igure 5. 
I I I 
SINGLE THREE 
BATrERY PHASE PHASE 
INVERTER lNVER1ER 
I I I 
Thirteen pulse output transducers have been 
installed to monitor the energy flows (electrical, 
thermal and fuel) between the system 
components. The pulses are fed via screened 
cable into a data acquisition unit, and then via an 
RS232 connection to the computer, where they 
are logged on an hourly basis. A daily file is 
generated which is imported into Excel for 
analysis of th'e energy distribution. 
A battery monitor has also been installed. This 
collects the 55 individual cell voltages, the total 
battery voltage, charge/discharge current and 
battery room temperature. Prior to installation of 
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Figure 5 Data monitoring system. 
CURRENT 
BAlTERY 
MONITOR 
:he battery monitor, a constant current discharge 
est (100A for 10 hours) was carried out to 
,stablish the SOC of the battery. The monitor has 
he battery discharge curves written into the 
;oftware, so that the operating characteristics 
;an be determined for the present' discharge 
;onditions. 
;YSTEM MODELLING 
)ata recorded daily since 1988 was initially used 
n the development of a mathematical model of 
he CEGS. This model was developed prior to the 
:hange in system operation following the NFFO 
:ontract. It modelled several different system 
:onfigurations and determined the optimum 
:onfiguration for maxImIsing revenue from 
:Iectricity sold to the grid. With the introduction of 
1e NFFO contract, this modet has effectively 
'ecome redundant. 
More recent modelling work has been based 
n the Dutch SOMES code [2J, which is presently 
eing revised at Loughborough University to 
,flect the operating conditions adopted with 
,gard to the NFFO contract and to facilitate 
IS? 
BATTERY 
VOLTAGE 
overall controll optimisation. The SOMES model 
has been developed to calculate the 
economically optimum configuration for a typical 
hybrid system, whilst considering local site 
conditions and the required electricity supply 
reliability. SOMES evaluates the performance 
using an hour-by-hour simulation of the systems 
operation. 
The input data required for the model are the 
system load and meteorological data (insolation, 
wind speed and ambient temperature). For each 
system component the various operating factors 
(e.g. outage period, expected life, maintenance 
cost) must be specified. 
Data bases with technical and economic 
details of numerous photovoltaic modules, wind 
turbines, batteries, diesel generators, maximum 
power point trackers (MPPT), inverters and 
rectifiers are available within SOMES. 
During a simulation run, input data are fed to 
the model to calculate the hourly solar and 
wind energy that is available. The hourly energy 
distribution throughout the system is then 
calculated, with the energy flows being 
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accumulated over the simulation period. Each 
simulation run concludes with an analysis of the 
operational and economic performance of the 
system. 
Multiple simulation runs are available within 
SOMES, whenever a variable has its value 
:hanged (e.g. the inverter power output). An 
Jptimisation routine is also available to search for 
~ system configuration that covers the load with a 
Jre-defined reliability for the lowest electricity 
Jrice. 
Arising from the development of the CEGS 
)Ver a number of years, and to provide a fuller 
mderstanding of the CEGS operation, a long term 
Jerformance model (1-hour time-step) was 
:onsidered most appropriate as an initial model 
)f the system. However due to the high cyclic 
)peration of the CHP, which may start and stop 
nore than once in an hour, the time-step of the 
nodel may need to be reduced in future studies. 
Modelling to date has concentrated on 
:alculating the theoretical solar insolation 
ncident upon the solar array, the battery SOC 
lnd on revising the SOMES code to take into 
lccount the different system configurations at 
VBF. Initially written in Fortran, the model is now 
lvailable in Turbo Pascal for compliance with the 
;OMES code. 
The monthly average daily solar insolation 
eceived by the solar array has been calculated 
'sing the model proposed by Liu and Jordan [31. 
lowever, with the solar array facing 16° south-
ast, modifications to this are necessary as the 
unrise and sunset hours are not symmetrical 
bout the solar noon. The Liu and Jordan model 
as therefore been modified by incorporation of 
le recommendations due to Klein (4). which 
,quires an input of the actual solar insolation 
,ceived on a horizontal surface at the site to be 
lodelled. There is presently no facility for this 
t WBF, and the data were therefore obtained 
om the Meteorological Office Weather Station at 
ottingham University, (Sutton Bonnington 
ampus). Though site conditions are different, the 
lclusion of these data enables a first 
pproximation to be m8de of the solar radiation 
)ceived by the solar array. The efficiency of the 
Jlar array (electrical energy generated as a 
action of the theoretical solar energy received), 
as been calculated and the conversion 
Ificiency is 8.9% (± 1.3%). To minimise the error 
I separately sourced solar insolation data a 
vranometer is to be installed. 
The battery SOC can be estimated by 
~Iculating the net flow of current to the battery, 
hilst taking account of the charge and discharge 
ficiencies [5J. This summation of energy 
~nsfers to and from the battery forms an integral 
~rt of an energy transfer model that is being 
,veloped prior to inclusion in the SOMES code. 
lis model also uses a charge controller that 
initially supplies energy to the load, with any 
excess being used for battery charging. The 
charge and discharge efficiencies used are 
dependant on the battery SOC at a particular 
point in time. 
During charging, the change in the battery 
SOC between times t and t + 1 is given by: 
EChg SOC, + 1 = SOC, + 'lChg -C--
nom 
Similarly during discharging, the change in the 
battery SOC is given by: 
= SOC, _ EdChg 
lldchg Cnom 
where: 
~chg = charging efficiency. 
'ldchg = discharging efficiency. 
EChg = Ampere-hours added to battery. 
Edchg = Ampere-hours removed from battery. 
Cnom = Battery capacity. 
SOMES itself has a choice of two battery 
models, a simple efficiency model where both the 
charge and discharge efficiencies 'are 
independent of the battery SOC and a complex 
model that is a derivative of the Shepherd model 
[61 
It has been assumed in modelling the CEGS at 
WBF that the CHP is a diesel generator with a 
maximum power output of 15 kW. Though this 
does not take into account the thermal energy 
produced, it enables the system to be more easily 
modelled and allows a comparison to be readily 
made of the energy distribution with that of similar 
hybrid systems. 
Table 1 LowSwitchkWh and HighSwitchkWh 
are the 60% SOC and 90% SOC respectively and 
Table 1 Simulation program output values. 
Simulation run 
NomBatCap 
HourlyBatCap 
StateOfCharge 
HourlyBatCapNew 
BatCapChange 
StateOfChargeNew 
StateDischarge 
LowSwitchkWh 
HighSwitchkWh 
DieselRunning 
Inverterln 
SolarArray 
From Rectifier 
FromStorage 
ToStorage 
DUMP 
Shed Load 
Shortage 
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: Hour 1 
: 144 kWh 
: 103kWh 
: 72% 
: 93kWh 
: -10kWh 
: 65% 
: 51 kWh 
: 86kWh 
: 130kWh 
: TRUE 
: 23kWh 
:2kWh 
:4kWh 
: 17kWh 
: 11 kWh 
: OkWh 
:OkWh 
: OkWh 
Modelling of the energy dfstflbutlOn within a gfld connected wlnd-solar-CHP-baltery system 
are used as the switching points in the control 
strategy for controlling the charge/discharge 
cycle. In this simulation all wind generated energy 
is exported. The load of 23 kWh is met by 2 kWh 
(solar array), 4 kWh (diesel) and 17 kWh (battery). 
The surplus 11 kWh from the diesel is fed into the 
baitery. When account is taken of the efficiencies, 
the battery SOC is reduced from 72% to 65%. 
CONCLUSIONS 
Validation 01 the data monitoring equipment is 
nearing completion, with further monitoring points 
being installed on the CEGS to assist with this. 
Modelling of the CEGS already completed is now 
being incorporated into a revised SOMES model, 
to more accurately reflect the CEGS and its mode 
of operation. 
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10.5 LONG TERM PERFORMANCE MODELLING OF A 
COMI3INED ENERGY GENERATION SYSTEM 
D Child and [ R Smith 
Loughborough University of Teehnology 
ABSTRACT 
A combined energy ge.oer.u.ion system (CEGS) aI West Beacon Farm, 
Loughborough. Leicestershire (WBF) ha~ lhree cJcctricaJ gcncr.uing 
~oo~ (wind. photovoltaic and combined heat and power (CH?)). 
Electricity is exponed to and imported (rom lhe grid. dependclII on the 
p;Jttirular conuoI SI:r.l1egy in effect. A long term pc:rfoO'n.ll1ce model of the 
era-gy di.<triburioo ha~ been developed based on SOM ES (Simul;ltion and 
Opcimisation Model (IX Renewable Energy Systems). This paper pre..~nls 
the op:::r.1tion.1.l charac(wstics o(me CEGS. (he inlcgr:lCion of (he CEGS 
inlo SOMES and model resul[S ob<ained to d.:uc. 
I INTIWDUcnON 
The develop!TIenl of a CEGS a( WBF com~ncc:d in 1988 and 
subso::jucot years: ~w it exp;md in gencr.lling ca.pxily IQ (he ~<enl 
The pre:oenl concrol SU"dtegy. during aulOOOffiOUS opc.ra1ion. uses the DC 
bu..txu" voltage as the re{en:.oce s.ignaJ for switching on and off the CHP. 
wi!h the swilching poinlS able to be manu.aHy varlcd between ID8Yand 
I32V. When the CHP is running it will load follow. i.rrespeajve o(thc 
ballery stale of charge (SOC) and any sluplus ene.rxy i!' (ed into l1lc 
ballery. This form of ooncro( c::au.<;cs high cycling of I.he CHP. as ;( 
disreglrd!' Ihe capabililY of the bJ.rtery {O deliver energy. (see Figure 2) 
" 
..on""""o<:C\~ 
~ l 11., 
sySlcm configuration. which was established in August 1991. ]1l(: wind ~ 
~l~ 
. 
~ It turbines qualified (or the second tranche of me Non·Fos. .. i/ Fuel Obligalion (NFFO) in January 1992 and ~ince (hen 80% of {he wind cnCl"gy Cencr.lled has been exported to the grid 
!·~c:cently Loughborough Universiry has been involved in a number of 
.... .:udl prop:uoo t:heCEGS. wilh (he pre..<:t:ot rc.<carcfl direaed loward~ 
.• :<";~ ~lt.:gies required for !.he oplimal opcr.:llion of Ihe "y"lcm r I) 
, ,cONAL CIIARACTERISTICS 
'no! C':':(;:. G; .. ~u.Q...taJ in {hcu I( will oper.1te bol1l aUlonomol.l<;Jy and grid· 
connected Wlmin any 24 hour period. A hybrid scheme will oper.ue 
autonomously when there is no high voltage grid ne..uby. and the high 
C~ of a grid connection is prohibitive. Consequently. a hybrid scheme 
ml)' be: grid<onnecled if!hete is a local high voltage lr.lllsmission linc. 
Having both modes is uncommon. due to the high capilal casts of the 
syslem compo~ts. and therefore Ihe CEGS ha. .. high generating cost~ 
when compared 10 o<het simih..r hybrid ~cheme.~ PJ. 
lbe::l.l.!tonofrouS p=riod of opeta1ion occur!' during the pe.1k. tariff period 
(07:30·00:30). when the dcclricity purch.l..~ing price iS.11 ils higne!'I' 
£0.074A:Wh. (!'eC Figure I). 
J--t:>--jN 
~~ 
Figure I : CECS Autonomous Oper.:llion 
587 
(1....-:;oo.c;C"1.c.<I.J'o""f 
Figure 2 : Typical Daily Bareery ~Ijng Cycle 
A .. a con.q:quence lhe bancry has gmdu.a..lly -walk.ed dowo* ilS discharge 
ru~ with dle result il now has only about 75% of the nomina.! capadly. 
I n other words. more energy ha .. been taken out or me b.1.uery th.an has 
been put back in and a gradual ruluclion in capacity has ocOJrrcd. 
This str.uegyofvollage contrOl is pn::s.enlly being changed to one of SOC 
cono-ol. This m=:ans lhaJ. the con(follcr will fir.;.t check 10 ~ whether the 
bancry is able 10 supply the load demand and. if it can. the banery will 
te put inloa discharge condition. If the battery is unable 10 $:upply all or 
fXll1 of the load.,lhe CHP will start 3.1 prcd~ermined capacilY levels. This 
use of SOC concrol is more common in hybrid schemes. as it allows the 
ban.ery (0 supply mcm: 10 the load wirhin a given lime period and causes 
!he CHP(6r m:xecommonly in hybrid systan.~ a diesel genenuor) 10 run 
Ic..o:;s frequently. This balance in hybrid systems. bc:rv.tt.n the cycling 
, frequency of the bart.ery and the CHP/diescl is a critical part of che 
comrol waregy. By reducing the cycling of me OiP the cyding of the 
ba«ery is increased and if amicI banery ope.rating and maintenance 
reg:irre is IlQ( ~ (he 00ctecy will be easily damaged. It is imperative 
therefore (h.a{ proper baa.cry oonn-ol is obs.erv .. .-f when using SOC control 
[31 
The grid connected period of operat.ioo occurs during the: off-peak tariff 
period (00:30 - 07:30). This enables the b.Jrteries to be cbarged either 
(T'@f"T1 the wind n.u"bines or from the grid when the ekctricilY purchasing 
price i!'cu ilSleasl-£O.0271kWh. (see Figw-e 3). Any surplus energy from 
the wind rurbines during this period is ~poned to the grid. This mode of 
operalion has also assisted in reducing the banery capaci(y. as every 
moming <It 07:30 the battery charger is swilched off irrespective of wfla( 
the bauel)' SOC is. (eg if the battery has only recoven:d 10 80% of its 
nominal capacity by 07 :30. then this is the point at which the baClery 
tt4IrtS the new discharge period). . 
n.ese t'M>fllOXsof opcrnrion. :wtonomou.~ and grid-connected. highlight 
the (WO foons of energy stor.Ige that are available within the CEGS. 
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When operaIing autonomously all wind energy isexponed lO the grid, 
with energy storage being provided by the: f,anery. This control str.:llegy 
was implCfl"£n(t:;d as a result of the NFFO contrnct. as a preferential rate 
could be earned for me eleariciry sold to the grid. Consequently. aboUI 
80% of the elccuici!y gener.ued by the wind turbines is now j;()ld to the 
grid :u £0.12IkWh. When oper.uing grid-conneaed. energy mly be 
bought back from the grid. Then:fore the grid actS a second energy 
storage means. rerurning to the CEGS some Of all of the previously 
exponed wind energy. 
......... 
Figure 3 CEGS Cnd·Connected Operation 
3 MOO£LLlNG 
It i~ pos.<;ibJe [0 model a hybnd system by anyone oflhe (our cI:::L<;~~ of 
!'l(2dy ~ and dyf'l.'l1Tllc models defined by McGow;m et aI (4 J. A qua.~i­
~Ie.ldy $t.1Ie model is defined :::L~ one where the time Sl:ep u~ i~ in the 
region o( 10 mmute.s 10 I hour. and where there is a rebliveJy large 
energy stomge. This form o( model h.lS been used r:uher IhJIl a more 
dyromic rnojcJ. v.1lere the lime Step is in the order of seconds. becau.o;e of 
the "'-":I)' the SySIl~m has evolved and the complexity oflhe control !;(r.ltegy. 
SOMES was developed a<; a long lerm performance model (ie qU:::L~i. 
s:!ead)' staLr model Wlth a I hour time slep). (or either J.ulonomous or grid 
connected hybrid systems (5J. As the CEGS ope:r.uc:s with boI:h 
configurations within,J 24 hour period. modifications 10 the SOMES 
source code have been necess.ll"Y to reflect boI:h oper.uing mode.<;. 
One advantage of using SOMES is th,Jt it conlains intrinsic optimisation 
and power scnes routines. The optimisa.rion routine se."lfChe~ for the 
hybrid system configurntion {hal will supply a lood demand with a 
predefined re!tability for the lowes! electricity price. Whilst the power 
series routine enables me effects on the energy distributLon to be seen 
......tll1sI one ofth:=. componcr1tS is varied in size (ie wha1 happens if the wlar 
array is increased in size from 6kWp to IOkWp). It also enables other 
altctnarivc hybrid schemes to be modelled (eg pvlbanery, wind/diesel or 
even diesel only). The modelling o( a diesel onJy genetaling scheme is 
very useful. a~ it is common for hybrid schemes 10 be considered as a 
replacemenl for. or an expansion to. an existing energy scheme. where 
previously only a diesel generaIor was available. 
SOMES require.~ hourly input da{,J of load. wind, rolar and ambient 
tempernturt. which wa..~ obtained from a meteorologicaJ station at 
NOllingh:ltTl University. SUllon Bonningfon (about 10 miles NE from 
W B F). It has been a..~sumed (hat the ~olar data and the ambieill 
temperature a.r Sutton Bonnington are !.he same as aI WBF. Although 
there will be some locali~ varinlion!:. [he..~ were neglccted due 10 me 
short dislancc between the tWO sile..~. 10e wind speed however was 
adju."ted due to (he heigh! difference belween (he two sites and localised 
effects (eg buildings. treeS elc). To correl:ue the wind speed at Surron 
Bonnington to WBF. the wind speed at WBF was needed (or the same 
lirrc period. This wa.<; not available and w the wind speed at WBF ha.~ 
been c:llculated f(Om the hourly energy gener.1led by the wind turbines 
using ,J correlation analysis developed :u Ihe Centre for Renewable 
Energy System~ Technology (CRESn. Loughborough Univer.;ity (61. 
The hourly energy generated wa.<; ,Jvailnblc for both wind turbinc.~. and 
fix one wind turt>iN: il was :l.-.sumcd 10 be half lha! for !wo wind rurbinc:.s 
TIle hourlyOlO"g)' value fa onc wind turbine. wa.s then a-.sumed to be the 
~ as the average generated powct for that hour. From the 
manufacturers power/windspeed OJrve. the windspeed was calculated 
and related 10 me windspeed at Sumon Bonnington. Therefore. in this 
apprroch the wind wrbine is regarded as a large an.emometer. However 
the wind turbine at WBF has J; rul·in speed and being a stall regulated 
rrochine it may have two windspeeds for a given power outpul above the 
rated wind speed. All wind spec1s below the cut-in:speed and above the 
still regulation speed wen: therefore ignored. Finally. u.<;ing curve fitting 
IeChniqucs a linear reJalior:ship was obuined be ...... een the wind speed at 
Sulton Bonnington and the theoretical wind ~ at WBF for a given 
time period. To obtain the wind speed al WBF for a year, the Sunon 
Bonnington wind speed year datafile was then multiplied by this scaling 
(actor 
During the execution of a simulation run. the inpul data is fed intO the 
model and the hourly avail:J.ble solar and wind energy are ca1a.dated 
1hen, for each hour the energy nows are calculated and accumula[ed for 
the entire simularion period. The output (rom the model after each 
~imulJtion run is available as a text file and will ronta.in : 
Sy~tem configur.uion (eg wind/diesel. pvlOOnery) 
Accumulated energy nows (eg battery energy inpuL energy conversIOn 
lo$..~C$). 
Component po!rformance (eg y.,ind turbine capacity (actor. no. of diesel 
starts). 
Statistical inform.ation of input data files (eg: minimum. m.:uimum aJld 
me.lJl values of meteorological d;ILa). 
Economic performance (eg gener.uing cost) 
ThLS 1a.<;I component. the generaung cost. is used for comparing different 
gener.lting schemes. For the CEGS this figure is high. as the ~yslem wa~ 
built on an ideologjcaJ b:lsi~ rarher than as a commerciaJ enterprise: where 
the minimum gener.uing COSt is o( prime importance. 
Withm SOMES it is possible 10 u.<:e either a sLULdard or a re.a.l model for 
each or the system components. A st.'ltldard model LL<:e5 funaions that 
have been derived from a number o( commercially available components 
(eg fuel consumption (or a diesel generator is a funClion of the nominal 
power). A real model uses functions th,Jt are particular to an individual 
rornp:>nCtlt (eg nominaJ po'M':t", fu.o:l consumption characteristic. price and 
lifetime of a diesel generator) 
3.1 LOAD MODEL 
Load d,Jta can either be obtained from the monitoring system or 
simulated. A Sf'parate progrnm is availlble as a utililY o( SOMES. which 
can define an hourly deancity load paltem th.ll is composed of a number 
of sepai"nte applications. (eg a I kW electric fire on for) hours a day (or 
90 days in a year). The d.ata file that is generated can then be used as an 
input (or SOMES. This modular approach to creating a load profile is 
very u$eful. as it allows the variablliry of the Io.1.d demand to be modelled 
more accur.llely . 
3.2 PV MODEL 
Input data inlo the PV model is a datafile containing the hourly globaJ 
insola.rion values (or the particular si[t under review. As solar insolation 
da.c. is normally measured on a horirontal axis. Ihis d.aJ.a is corrected for 
the tilt angle thal the solar array is set at (eg. at WBF the solar array tilt 
angle i~ 30 0 ). lbe solar array output is then calculated and this figure 
adjusted (or the particular oper.uing conditions of that solar array (eg 
outage. opcraling oul~ide the maximum power point). 
3.3 WIND TURBINE MODEL 
InPJt data into the wind turbine model is a datafile containing the hourly 
mean windspeeds for the particular site under review. This data is ded 
10 do height equal to the ro(()( height and the power outpul ca.lculated using 
either the standard or real power curves. 
3.4 CliP MODEL 
To e,J~e the modelling process the CHP has been modelled as a 15kW 
Die.<:el Gener.llor. This will affect the total energy balance of the system 
as the heat being reclaimed by the CHP is disregarded. A CHP is an 
unusual component in a hybrid scheme, as generally the generalion of 
heJ.t i~ nor required. and in {he warmer months. it can be a disadvantage. 
lbereforc Ihrooghout the model only the electrical energy distribution is 
considered. though the actual heat input to the CHP is monitored 
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3_5 GRID MODEL 
SOMES was originally developed (0 model autonomous systems. though 
la1O' tf'C b:ili(y to model a grid connected system was Ddded. These two 
systmlS within SOMES are mutu.n.lly exclusive (le an autonomous and 
grid connected system cannQ( be modelled). As the CEGS oper.ues in this 
combined way. changes 10 the source code rove been necessary. 
3_6 BA ITERY MODEL 
The bane!)' model describe. .. the relationship between the energy input, 
energy output, and Slale of charge (SOC) of the banery. 1bere are two 
models (or calculating lhe (dis)charge efficiency; a simple model that 
assumes a constant (dis)cmrge efficiency i~pective of the SOC and a 
more complex model that i.<; a derivative of the Shepherd model (7j. 
Corrections are included (0( the ~If di!'Charge of the banet)'o battery 
~. bartery lifetime and a1~ for the temperature dependence of 
me bartery capaciry and self discharge. 
3_7 CONVERTER MODEL 
A converter is defined a. .. one of three types of power conditioner 
Inverter: This converts the DC power from the battery or PV (0 AC 
power (both single phase and three phase at WBF). 
Rectifier: This OOflvetts!he AC power from eilher the wind rurbines. grid 
or CHP into DC power for supplying the inverten or baltery storage. 
MPPT : (Maximum Power Point Trackcr) This ensures (h<lllhe DC 
JX)werout:put from the solOll' <lI1<1y is always at its maximum. MPPT is not 
installeO on the CEGS. 
Whiche .... er converter is meddled the outpul power is a<;sumed 10 he a 
~cond orner polynominl of the input power. 
3_8 ECONOMIC MODEL 
The economic modd considers the genernting CO!'!: (0 com:;isr of an 
inverune.ntoost. together with operaJing. main(ennnce and fuel costs. The 
investment cost consisl~ of a loan and inlerest payments bac;ed on an 
annuity analysis. Opemting and maintenance cost~ and fuel COStS are 
assumed to remain constant. 
4 RESULTS 
The pre:c;ent ooncrol SU<l(egy of the CEGS rem.:lins voltage comrol with the 
dung.: to sac control taking place in the neat future. Consequently. no 
comparison is pos.~ible bet.....een the model output and the monitored 
n:~Ull<;. However the expected change to the system can cleatly be seen 
in Figure 4. 
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Figure 4 : CEGS SOC Control 
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A varying load has been modelled using the SOMES utility software and 
~lxutery is initially at 100% SOC. The battery is discharged each d:lY, 
to about 70% SOC, with full recharge occurring during the off peak 
hOurs. A minimum sbc ~ve!. prevent<; the battery from becoming to 
disch~ged. The pn:vious high cycling of the battery being charged and 
dl<dlarged, is now rq>1ac:ed by a daily cycling between the m:lXimum and 
minimum capacity· thre.<;hold~. Modifications to the SOMES source code 
are nearing completion, with further work $.till required on the grophical 
U~r inlerface. 
One major change to the control W"31egy is that the battery charger will 
now be switched off when (he battery has been fully rttharged. rather 
men on a time OOsis as at present. lbe model output for this load over a 
year. showing the energy generation. is given in Figure 5. The energy 
distribution wilhin the <:LGS is recorded in Figun= 6 and for clarity the 
energy values have boen converted to MWh. 
CONCLUSION 
Work. Ofl the modeJ is nearing completion and the CEGS comrol strn1egy 
will be adjusted shortly lO SOC control. onc:e a new banery set and 
battery ch:trger have been installed. Data from the new system will then 
be u~ed to validate the competed model. 
The CEGS ll<:e.S an altemarive approach to the traditional concept of a 
hybrid ~ng scheme, in t1uu i( combines both an autonomous and 
grid ronnected system. Though it is demonstrably technically feasible, il 
is not economically viable. Within a hybrid scheme., that is being 
deYe:Joped foreithe:r autonomous or grid connection. the technical. social 
and economic fnctorl involved~ all play an equal part in its viability and 
(he system will fail if insufficient anention is given to any one of lhese 
factors. 
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--- ENERGY PERFORMANCE -------------------------WBF------ Run nr. 001 page. 2(4) 
ENERGY PRODUCTION 
Total 
PV (OC) 
Wind lAC) 
- Diesel lAC) 
- GI"id lAC) 
-----------kWh----\ 
84272.9100 
5222.1 6 
61740.4 7) 
780.0 1 
165)0.5 20 
DESTINATION -----------------kWh----\ 
Basic load lAC) 26280.0 Jl 
To Grid lAC) 53320.2 6) 
Unused (total) 0.0 0 
Inv. + Rect. losses 1548.8 2 
Battery losses )078.4 4 
BATTERY ---------------------kWh----\ 
Input 
- PV + WIND (DC conv) 
17290.5 100 
17290.5 100 
0.0 0 
14251. 6 82 
- Diesel (DC conv) 
Output 
UNUSED 
DC 
- AC 
----------------------kWh----\ 
0.0 0 
0.0 0 
Figure 5 : SOMES Energy Gener.lllon 0U1pu( File 
DEMAND------------------------kWh----\ 
Total deffidnd (AC) 26280.0 100 
Basic load 26280.0 100 
Shedded load 0.0 0 
- Shortage 0 . 0 0 
COVERAGE Of ~ASIC LOAD 
PV (directly) 
Wind (AC converted) 
Diesel lAC converted) 
Battery (directly) 
Grid (AC converted) 
-------kwh----\ 
4839.1 18 
3134.0 12 
160.7 1 
14251.6 S4 
4760.9 18 
CONVERTERS ----Input kwh----Output kWh 
MPPT 0.0 0.0 
Inverter 1 27068.4 26280.0 
Inverter 2 0.0 0.0 
Rectifier 1 25730.7 24970.3 
SIMULATION ---------------------------
Duration 365 Days 
Grid 
62 
53 '1' IlOV ~I 8 rv 
16 r A -I , N N ~ 
= 
CHP <.:~ 
Figure 6 : CEGS Modelled Energy Dis(ribulion 
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10.6 Wind, Photovoltaic and Battery Electrical Power: 
Experience and Modelling of an Autonomous and Grid Connected System 
SYNOPSIS 
D Child, Professor LR Smith and Dr D.G Infield 
Centre for Renewable Energy Systems Technology 
Department of Electronic and Electrical Engineering 
Loughborough University of Technology 
This paper presents the development of the computer model used to simulate the long-term performance of the combined 
energy generation system (CEGS) at West Beacon Farm (WEF). Loughborough, Leics Results from the model enable an 
I 
analysis of the expected energy distribution and system performance to be undertaken in its present mode, or in either an 
autonomous or a grid-connected mode. A provisional comparison is made with measurements obtained from the system. 
I INTRODUCTION 
The types of model developed for hybrid systems can be described by four classes of steady state and dynamIC models. 
These range from a quaSI-steady state model used for the long-term performance modelling of hybrid systems (where the 
lime step is in the region of tcn minutes to one hour), to a dynamic mechanical and electrical model that uses the dynamic 
equations of the mechanical and electrical components of the system, in order to account for the mechanical vibrations nnd 
electrical stability (I). A quasi-steady state model is defined as one where the Lime step used is between 10 minutes and I 
hour, and relatively large energy storage is available. This form of model for the CEGS is preferred to a more dynamic 
model, where the time step is in the order of seconds, because of the way the system has evolved and the complexity of the 
control strategy. This has led to the use of the Simulation and Optimisation Model lor Renewable Energy Systems 
(SOMES), developed at Utrecht University, Holland, as it is of this type (2). This model is however designed for the 
simulation of either autonomous or grid eOIUlected hybrid systems and initially was unsuitable for modelling the CEGS, due 
to the CEGS operating \",'ith both configurations in a 24-hour period (3). Agreement was reached with the authors of the 
software that access to the source code would be made available, to enable the modifications necessary to model the CEGS 
to be made. 
2 MODELLING 
SOMES calculates the economically optimum configuration for a typical hybrid system, considering both the local SIte 
conditions and the required electricity supply reliability. It requires load and meteorological input datafiles and evaluates 
the system performance using an hour by hour simulation. 
2.[ Load Dalafilc 
The hourly load datafile can be constructed either from theoretical load data or actual monitored data. In this instance 
validated monitored load data. collected as part of the research progranune on the CEGS, is used in the model. Should no 
such data be available, a datafile could be constructed by assuming either a constant annual load, a constant monthly load, 
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or using a subsidiary program that fonms part of the SOMES environment. 
2.2 Wind Speed Datafile 
A wind speed datafile was obtained from the meteorological weather station at the Sutton BOIUlington (SB) campus of 
Nottingham University, (about 10 miles North-East of WBF). As the wind speed at WBF is not recorded, the wind speed 
at SB had to be correlated to that at WBF. The hourly electrical energy generated is recorded for both wind turbines and, 
because of their close proximity, it is assumed that the energy generated by each turbine is one half of the total generated. 
The hourly energy for each turbine is then assumed to be numerically equal to the average power generated during that hour. 
An hourly wind speed is then derived from the manufacturer's power curve and correlated with the wind speed at SB, with 
the wind turbine treated as if it were a large anemometer. However, unlike a true anemometer, which produces a useful 
signal over the entire wind speed range, the wind turbine output can only discriminate between wind speeds lying within 
the range from the cut-in speed to the stall-regulated speed. At all wind speeds below cut-in, the wind turbine produces zero 
power. Once it is stall-regulating, there is no unique relationship between power output and wind speed. Consequently, all 
wind speeds below the cut-in speed and above the stall-regulated speed are disregarded for the purpose of the correlation. 
Using linear regression analysis. a relationship is obtained between the measured wind speed at SB and that calculated at 
WBF for the given time period. Assuming that this same linear relationship also applies outside the operating range of the 
wind turbine. an estimated annual hourly wind speed datafile for WBF is obtained. An alternative approach. that eliminates 
the need to detenmine the windspeed at WBF, is to correlate the hourly windspeed at SB directly with the hourly electrical 
energy generated by lhe wind turbines, to provide an empirical power curve. Once again, lhe. hourly energy output is 
assumed to be numerically equal to the average power generated for that hour. In this method. the wind speed datafile for 
SB is entered as an input file to SOJv1ES, whilst the empirical power CUlVe is entered as the wind turbine power curve. 
2.3 Solar Irradiance Datafile 
A solar irradiance datafde, obtained from SB, consists of the how-ly global irradiance measured on a horizontal plane. Due 
to the short distance between the two sites, any localised variation in the irradiance is neglected and therefore it is assumed 
that the irradiance at S8 is the same as at WBF. 
2.4 Ambient Air Temperature Datafile 
Like the wind speed and solar irradiance data, the ambient air temperatw-e data is obtained from SB. Due to the short 
distance between the two sites any localised variation in the air temperature is neglected and therefore it is assumed that the 
air temperature at SB is the same as at WBF. 
2.5 Photovoltaic Array 
The photovoltaic (PV) array consists of two separate sub-arrays, one a monocrystalline AReO 2.86kWp array and the other 
a polycrystalline 3kWp Solarex array. A typical monocrystalline solar cell has an efficiency of about 15%, while for a 
polycrystalline cell the value is about 12% (4). A value of 10% was used in SOMES, to allow for ageing of the cells and 
the combined operation of the two types of sub array. Perfonmance characteristic data for the PV array was unavailable and 
the efficiency curve used followed the recommendations of Schmid (5). Module and system losses within a hybrid system 
are considered by the tenm "quality factor". Module losses are due to the varying solar irradiance, reflection losses and 
module temperature, while system losses account for inverter losses, mismatch and the self consumption of components. 
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The value for the quality factor will vary, depending on whether the hybrid system is operating in a grid connected or an 
autonomous mode and, as the PV array normally generates when the system is operating autonomously, a value of 0.3 for 
the quality factor is used to take account of all losses. To enable the irradiance on the PV array to be calculated, values for 
the tilt angle, azimuth and albedo are input to the model, wlUlst the beam and diffuse components are calculated within 
SOMES. The PV array efficiency is calculated as the quotient of the DC energy from the array and the solar energy incident 
on the array. 
2.6 Wind Turbine 
The empirical wind turbine power curve is used in the model to relate the wind speed at SS to the wind turbine power output 
at WBF. If the wind speed is scaled up to the rotor height, the wind turbine power output will also be scaled up. In the 
model, it is assumed therefore that the measuring height is the rotor height, with the wind speed measured at this height. 
Once the wind speed is detennined, the wind turbine power output is calculated using the power curve entered into the model 
and used as a look-up table. Corrections are made to the wind turbine power OIJtput for the non-availability of the wind 
turbme due to repair and maintenance, by reducing the wind turbine power output with the user specified outage percentage. 
2.7 Combined Heat and Power 
To simplify the modelling process, the combined heat and power (CHP) unit is assumed to be a IS kW diesel generator, 
with the thermal output not considered. Within the CEGS, the CHP running costs are a significant part of the generating 
costs and consist of the fuel cost, annual fuel price rise and outage period. The outage period accounts for the inability of 
the CHP to deliver power, due to maintenance, repair or lack of fueL It is simulated by dividing the simulation period into 
10 intervals and, at the end of each interval, the CHP is prevented from running for One tenth of the total outage time. The 
fuel consumption depends on the power that is produced, and in SOMES it is expressed in terms of the fuel energy contcnt 
required to supply a certain load (i.e. litreslkWh). 
2.8 Grid 
SOMES was originally developed to model autonomous energy systems, with the facility to model a grid connection system 
being incorporated later. Consequently, to model the CEGS when it operates either autonomously or grid·connected, a time 
switch in the source code now transfers the model between the two operating modes. 
2.9 Battery 
Within SOMES two battery models are available, the first of which is of the energy transfer type that uses a user· specified 
constant (dis)charge efficiency. The second is based on the Shepherd model (6) which, at a constant charge or discharge 
current, determines the battery voltage as a function of the current and the state of charge (SaC). A modified version of this 
mode! is used within SOMES, to describe the hourly relationship between the energy input, the energy output and the battery 
sac, and is expressed in the charge and discharge efficiencies. Battery self discharge is accounted for by increasing the 
depth of discharge of the battery at the end of the hour with the hourly self discharge, which is a function of the monthly 
self discharge value specified by the battery manufacturer and the battery capacity. The battery temperature affects the 
available capacity and is modelled by considering the heat exchanged with the ambient air and the heat losses within the 
battery. 
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2.10 Conveners 
Within SOMES a converter defines a rectifier, inverter or maximum power point tracker, and its power curve is modelled 
by either a first or second order polynomial, depending on the information supplied by the program user. The minimum 
infonnation needed is the nominal power of the converter, the efficiency at its rated output power and the maximum input 
power at which its output power is zero, and the power curve is modelled as a first order polynomial. If an intermediate 
output power point and its efficiency are also supplied, the power curve is modelled by the second order polynomial. 
2.11 Economics 
Each simulation run concludes with a generating cost analysis. Investment costs are assumed to be paid from a loan repaid 
on an annuity basis using real interest. Although no loan capital was required for the purchase of the CEGS components, 
a more realistic generating cost assumes a 20 year loan at a 4% interest ratc. The annual depreciation costs and interest rate 
are kept constant. The operating and maintenance costs are defined by the user as a percentage of the investment costs and 
entered through the screen menu. If an annual fuel price rise is included for the simulation period, it is assumed that the fuel 
costs are paid from a loan and repaid on an annuity basis. In this way the annual fuel costs are constant, despite the price 
rise. The annuity of the net present value of the total fuel cost for the simulation period will give the constant annual fuel 
cost. The generating cost is calculated as the quotient of the total cost and the load demand. 
3 CONTROL STRATEGY 
:re two main sections of the control strategy that model the separate operating characteristics of the grid-connected 
.':TIOUS modes. During the grid-connected mode the rectifier is able to operate up to its maximum power output 
.• during this time the battery is under a continual state of recharge and there will be a large current initially 
drawn from either the wind turbines and/or grid when the rectifier is switched on. There is therefore no requirement to limit 
the rectifier output. During the autonomous mode, the rectifier is limited to only being able to draw the maximum CHP 
power output when it runs, otherwise the CHP will overload and stall on low frequency alarm. Within the control strategy 
there are also checks for the ability of the inverter and rectifier to operate, given the hourly energy values of load and extra 
DC energy required. 
4 MODEL VALIDATION 
Correlation between the modelled wind energy, using the derived and empirical methods, and the monitored wind energy 
is good. The empirical method has a correlation coefficient of 0.84, which is slightly higher than the 0.82 of the previous 
method. Whichever method is used close correlation is obtained, apart from several days where SOMES calculates an energ-f 
production well in excess of the monitoreq result. The empirical method reduces the size of the error, but it still remains a 
significant amount. However as the meteorological data received from S8 is unvalidated. and as the remaining data 
correlates well, it is supposed that for those particular periods there is an error in the original wind speed data file. 
Correlation of the modeIIed and monitored solar energy is also good. in view of the ass:umption of identical solar irradiance 
between the two siles, with the correlation coefficient being 0.88. 
A comparison between the modelled and the monitored annual energy values for the wind turbines and the PV array is 
shown in Table I. 
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Table 1: Renewable Energy Generated 
Year 1991 1992 1993 1994 Mu. Correlation Error Empirical Error 
kWh kWh kWh kWh kWh Model % Model % 
Wind Energy 52927 55344 5t825 58t34 54558 53855 -1.29 55487 +1.70 
PV Energy 3492 3752 3509 4003 3689 3574 -3.11 N/A N/A 
At the time of writing. transfer to the SOC control strategy is incomplete and work is therefore concentrating on validating 
the remainder of the model against data obtained from the present system that uses a voltage control strategy. 
5 RESULTS 
There are numerous configurations that can be modelled and analysed using the model, and the number modelled has been 
limited to those which can be easily adopted by the CEGS. A comparison of the results for the three different configurations 
modelled is shown in Table 2. 
Table 2: Comparison of Result. 
Existing Grid-Connected Autonomous 
pV Energy (kWh) 3574 3574 332t 
Wind Energy (kWh) 55487 55487 55487 
.. 
:: '··H!) Energy (kWh) 990 0 32046 
... --
;i (,,-;.1 Energy (kWh) t9360 20029 0 
Battery Charge (kWh) t6550 t6798 23777 
Battery DiSCharge (kWh) t2097 12191 1614) 
PV Capacity Factor (%) 6.8 6.8 6.3 
Wind Turbine Capacity Factor (%) t2.7 t2.7 t2.7 
CliP Capacity Factor (%) 0.8 0.0 24.4 
Generatinf' Cosl (UkWh) 0.80 0.7t 0.89 
5.1 Existing Configuration 
The effect of varying the :ow level SOC cut-in of the CHP is shown in Figure I. If it falls below 45% there is no requirement 
for the CHP to run, as the battery and the PV array are able to supply the load demand during the peak tariff period. There 
is however still a requirement for battery charging during the off-peak tariff period, as shown by the wind turbine and grid 
curves. Though operation at a low SOC gives the lowest generating cost, it is not good practice to regularly deep discharge 
a lead acid battery as this will adversely affect its operating lifetime. Above a 45%, SOC the CHP is required to run and the 
energy generated steadily increases as the SOC cut in level increases. This increase in SOC is matched by a corresponding 
decrease in the energy required from the wind turbines and the grid. In other words the CHP is able to maintain the battery 
at a high SOC during the peak tariff period, so that less energy is required for battery charging during the off-peak tariff 
period. Above 50% SOC, there is a shallow increase in the generating cost that is a function of the increased CHP operating 
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costs, the reduction in the energy imported from the grid and the reduction in wind turbines revenue. 
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Figure 1: Existing Configuration 
5.2 Grid-Connected Configuration 
If in this mode, the battery and PV array are unable to supply the load during the peak tariff period, and the wind turbines 
are generating, wind energy is imported into the CEGS and any surplus exported to the grid. If the wind energy is 
insufficient to supply the systcm demand, the deficit is imported from the grid. If the wind turbines are not generating the 
CHP will run. Though this is not strictly a grid-connected configuration (i.e. no battery or CHP), it does allow· greater use 
of the wind energy in thc CEGS, with the effect of reducing the CHP run time. In other words the CHP is able to maintain 
the battcry at a high SOC during the peak tariff period, so that less energy is required for battery charging during the ofT-
peak tariff period. Above 50% SOC, there is a shallow increase in the generating cost that is a function of the increased CHP 
operating costs, the reduction in the energy imported from the grid and the reduction in wind turbines revenue. As the CHP 
now only generates 3% of the energy supplied to the CEGS in the existing configuration, the effect of it not running is 
minimal. Even though wind and grid energy are continuously available to the CEGS, the effect on the cost of energy 
interchange with the grid is negligible. Of the three systems modelled this grid-connected configuration has the lowest 
generating cost of £O.7IlkWh, due to the removal of the CHP operating costs from the cost calculation. At a CHP cut-in 
level below 75% SOC the generating cost is £O.7IlkWh, and this rises to a maximum of £O.81lkWh at a CHP cut-in level 
of 95% SOC, as shown in Figure 2. As the cut-in level rises it reduces the energy demand on the wind turbines and the grid, 
which accounts for their curves converging at higher SOC levels. The energy imported from the grid is subject to the 
standard domestic pricc tariffs of £0.027 IkWh during the off-peak period and £O.074lkWh during the peak period. There 
is no change in the generating cost up to 60% SOC, whilst the variation in generating cost above this level is due to the CHP 
being called to run. 
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Figu re 2: G rid-Connected Mode 
5.3 Autonomous Configuration 
To complete the comparative analysis of different control strategies. an autonomous operating mode is modelled, where all 
the wind energy is exported to the grid and energy for battery charging and balancing the load demand is provided by the 
CH? and P V array. As there is now no requirement for importing energy into the CEGS (from either the wind turbines or 
the grid), and no time periods to consider, the control strategy is simplified. The effect of reducing the low level SOC cut 
in of the CH? is not as pronounced as in the other configurations modelled, and if this level is allowed to fall it will cause 
the CH? to run for a longer period oftime as shown in Figure 3. 
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Figure 3: Autonomous Mode 
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The generating cost is either £0.86IkWh above 40% SOC or £O.851kWh below it, reflecting the increased energy output at 
the lower cut-in levels. The PV array output remains fairly constant throughout the simulation. Therefore above 40% SOC, 
there appears to be no definite point at which it is economically beneficial to start the CHP. The only limiting factor is the 
need to regulate the depth of discharge of the battery. 
6 CONCLUSION 
Diesel generators are more common in hybrid systems, whilst a CHP is more suited to applications where there is a 
continuous demand for both the electrical and thermal output (e.g. swimming pools, hospitals, etc). In a typical hybrid 
system there is often a minimum run time imposed upon the diesel, in an attempt to reduce the cycling and also the wear 
due to frequent starting (7J. SOC control will require the CHP to run less frequently but for a longer period of time, and this 
may cause excessive thermal output This highlights the problem associated with using a CHP in this application. Though 
its operating efficiency is high, when use can be made of the full thermal output, it is lowered when the thermal energy 
cannot be used 
Throughout the model the time~stcp used is one hour and the energy generated from each component is assumed to remain 
constant throughout this hour. For a quasi-steady state model this is a reasonable assumption, but in reality the CHP run time 
will vary dependant on the battery capacity and the load demand. This limitation is only overcome by reducing the time step 
to a value where it is less than the typical run time of the CHP and in doing so will change the type of model from a quasi-
steady state onc to a more dynamic model. Initial validation of the model is good and work on validating the remainder of 
the model against data obtained from the present system is in progress. 
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